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Bovine somatotropin (bST) has been isolated from 
pituitary glands and compared in a variety of chemical 
analyses and bioassays with somatotropin derived 
from recombinant Escherichia colL Comparison of pi- 
tuitary extracts and purified bST by Western blot 
analysis of two-dimensional gels suggested that the 
immunoreactive somatotropin species present in the 
extract were also present in the purified material, with 
no significant losses or degradation as a result of the 
purification method. NH a - terminal sequence analysis 
indicated the presence of equal quantities of Ala- 
Phe-Pro-Ala-Met-Ser-Leu-Ser- and Phe-Pro-Ala- 
Met-Ser-Leu-Ser- sequences. The Met-Ser-Leu-Ser- 
NHa-terminal sequence, a degradation product ob- 
served in NTH standard lots, was not detected. Assay 
of bioactivity in a bovine liver receptor-binding assay 
and in a female rat growth assay showed pituitary bST 
and recombinant methionyl-bovine somatotropin to be 
equipotent. Tryptic maps and sequence analysis of pi- 
tuitary-derived somatotropin suggest the presence of 
isoaspartate derivatization at Asp 128 . 



Bovine somatotropin has been isolated from pituitary 
glands by a variety of methods, resulting in preparations with 
varying degrees of heterogeneity (1). Deletion of NH 2 -termi- 
nal residues has been observed in somatotropin prepared from 
acidic extracts and appears to be the result of proteolysis 
during isolation (2). However, the ammo-terminal sequence 
of highly purified pituitary bovine somatotropin has been 
shown to contain only Ala-Phe-Pro-Ala-Met-Ser-Leu-Ser- 
and Phe-Pro-Ala-Met-Ser-Leu-Ser- in approximately equi- 
molar amounts, which appear to result from signal peptide 
processing during secretion (3). Other observed heterogeneity 
includes an allelic variation at position 126, which leads to a 
2:1 ratio of leucine to valine in preparations from pooled 
glands (4). In addition, bovine somatotropin fractions from 
anion-exchange chromatography have been shown to have 
different biological activities in a panel of bioassays (5). Thus, 
bovine somatotropin appears as a mixture of related polypep- 
tides that may differ in function or in site of action. 

To characterize pituitary somatotropin better, we describe 
here a purification method that allows isolation of highly 
purified protein in gram quantities. The methodology em- 
ployed resulted in a 2-4-fold greater yield of somatotropin 
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than reported previously (1), while maintaining excellent 
purity. Extensive biochemical analysis of the pituitary-de- 
rived material has been carried out to identify microhetero- 
geneity undetected previously. In order to assess the effects 
of such microheterogeneity on activity, bovine somatotropin 
from recombinant Escherichia coli has been compared with 
pituitary somatotropin in several biological assays. 

EXPERIMENTAL PROCEDURES 

Pituitary bST 1 Purification — Bovine pituitaries were obtained 
within 1 h of slaughter, placed on ice for 2-4 h, then stored frozen at 
-80 *C. All subsequent purification steps were carried out at 0-4 "C. 
The initial extraction of 33 whole pituitary glands (66 g, wet weight) 
in 150 ml of extraction buffer was at low speed for 10 min using a 
Waring blender controlled by a rheostat Extraction buffer was 4.5 M 
urea, 50 mM Tris, pH 8.8, 1 dim phenylmethylsulfonyl fluoride 1 mM 
benzamidine HCU and 4 mM EDTA. The resulting suspension was 
further homogenized for 10 min using an Ultra-turrax (Tekmar Co.). 
This extract was subjected to centrifugation for 15 min at 9,000 rpra 
in a Sorvall GS-3 rotor. The resulting clear red supernatant was 
removed by pipette from beneath a white floating layer of lipid-like 
material. The white layer was discarded, the pellet was extracted as 
before for 10 min using the Ultra-turrax, supernatant was collected 
as above, and pooled with the first supernatant. 

This extract was adjusted to a pH of 10.2, deionized, and subjected 
to centrifugation for 20 min in a Beckman Ti-45 rotor at 25,000 rpm 
to remove turbidity. The solution was loaded onto a 10-cm diameter 
x 12-cm DEAE-celluIose column (Whatman DE52) which had been 
equilibrated in 4.5 M urea, 50 mM Tris base. Elution was carried out 
with a 14-liter gradient composed of equal volumes of equilibration 
buffer and 4.5 M urea, 50 mM Tris-HCi, pH 8.85, at a flow rate of 0.4 
liters/h. Fractions were assayed by reversed-phase HPLC and SDS- 
PAGE, and those fractions containing bST were pooled and then 
concentrated using an Amicon YM-10 membrane in a stirred cell 
apparatus. 

Buffer exchange of the pool was performed using a Sephadex G-25 
column equilibrated and eluted in 4.5 M urea, 5 mM sodium phosphate, 
pH 6.9. The G-25 pool was loaded onto a 5-cm diameter x 12-cm 
carboxymethyl (CM)-cellulose column equilibrated in the G-25 col- 
umn buffer and eluted with a 2-liter gradient from 5-25 mM sodium 
phosphate at 0.3 liter/h. Fractions containing bST were pooled and 
dialyzed versus 5 mM sodium bicarbonate, pH 10, and finally dialyzed 
versus water to reduce the sodium bicarbonate concentration to <1% 
of protein mass. The dialysate was lyophilized and stored at —20 *C. 

Reversed-phase HPLC— Reversed-phase HPLC analysis of soma- 
totropin was performed using a 0.4 x 10-cm Econosphere 300 C8 
cartridge column with a 0.4 x 1.0- cm C4 guard cartridge (Alltech), 
using an acetonitrile gradient in 0.1% trifluoroacetic acid Elution 
was monitored by UV absorbance at 220 nm. Quantitation of bST 
samples was by comparison of the bST peak area with a standard 
curve prepared using methionyl-bST. 

SDS'PAGE— Gel electrophoretic analysis for routine screening of 
column fractions was performed using the Pharmacia LKB Biotech- 

1 The abbreviations used are: bST, bovine somatotropin; HPLC, 
high pressure liquid chromatography; RP. reversed-phase; SDS, so- 
dium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; IEF, 
isoelectric focusing. 
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Fig. 2. SDS-PAGE and Western blot analysis of pituitary 
bST. a, SDS gels were 15% acrylamide, 0.75 mm thick, and were run 
for 4 h at 15 mA, constant current. Samples in tones 1-7 were reduced 
prior to loading, and lanes 9-15 are the same samples under, nonre- 
ducing conditions. Lane 1, M t markers (BRL prestained); lane 2, 
methionyl-bST; lane 3 t pituitary bST, CM-cellulose pool; lanes 4-7 > 
RP-HPLC (Fig. 1) peaks 1-4, respectively. Lane 5, blank. 6, Western 
blot of above gel probed with anti-bST antibody. The gel was electro- 
transferred to APT paper (Schleicher & Schuell) which was probed 
with antibody, stained with l23 I-protein A (Amersham Corp.), and 
exposed to film for 4.5 h at —80 *C with an intensifying screen. 

1 2 3 45 6 78 




Fig. 3. Isoelectric focusing analysis of pituitary bST. Sam- 
pies (100 Mg) were applied to an agarose gel containing pH 5-9 
ampholytes and electrophoresed. Solid samples were solubilized in 
urea/Tris buffer, pH 9.0, at 4 *C and then applied to the gel. Lane /, 
IEF standards (Pharmacia); lane 2, Parlow pituitary bST; lane 3 t 
pituitary extract; lane 4, DEAE-cellulose load; lane 5, CM-cellulose 
load; lane 6, CM-cellulose pool; lane 7, methionyl-bST, lot A; lane 8, 
methionyl-bST, lot B. 

dominantly bST and also that trace amounts of immunoreac- 
tive bST species of apparent M T greater and less than 22,000 
were generated by the RP-HPLC isolation conditions. 

Chemical Analysis of Pituitary bST— Analysis by IEF gels 
was carried out as an assay for charge heterogeneity. Fig. 3 
shows the IEF pattern of pituitary somatotropin at various 



stages of purification and also compares pituitary bST, recom- 
binant methionyl-bovine somatotropin, and NIH standard 
bST received from A. Parlow (Harbor-UCLA Medical Cen- 
ter). In agreement with previous reports (1, 13), pituitary bST 
prepared by the method described in this report contained 
only two IEF bands, which correspond to the alanine (pi = 
8.0) and phenylalanine (pi = 7.8) NH 2 -terminal species de- 
scribed below. Purified recombinant somatotropin contained 
minor amounts of at least three isoforms, whereas the NIH 
standard bST contained numerous bands in addition to the 
two bands corresponding to bST. 

To ascertain whether our preparation of bST contained all 
of the immunoreactive bST components present in the origi- 
nal pituitary extract, two-dimensional gel electrophoretic 
analysis was performed as described under "Experimental 
Procedures." The electrophoretic pattern for the pituitary 
extract was compared with the purified product by silver 
staining and by Western blot analysis using an anti-bST 
antibody probe (Fig. 4, a-d). The silver-stained gels were used 
to compare the relative abundance of somatotropin species, 
and Western blot analysis was used to identify qualitatively 
immunoreactive bST species present. 

Comparison of Fig. 4, a-d, has clearly identified bST as a 
basic protein of M r 22,000 which is abundant in the pituitary 
extract (marked by an arrow). Direct comparison of the 
pituitary extract and purified bST gels indicated that no 
significant loss of immunoreactive bST occurred during pu- 
rification. The Western blot data in these gels show two or 
three acidic immunoreactive bST species in the extract which 
are not present in the purified material (Fig. 4, c and d). 
However, the relative amount of these components is less 
than 5% of the total mass of bST, as judged by silver-staining 
intensity. Therefore, the goal of obtaining a purified bST 
sample that was representative of the material present in the 
pituitary extract has been attained 

Two-dimensional gel analysis was also performed on the 
NIH standard pituitary bST (from A. Parlow) as shown in 
Fig. 4, e-f. The Western blot of this gel (Fig. 4/) displayed 
trace amounts of several immunoreactive species of Af r lower 
than 22,000, indicating the presence of proteolytic cleavages 
in the protein. The silver-stained gel, however, indicated that 
the des(l-4) bST proteolysis product was the major contam- 
inant by mass, with the other species present only in trace 
amounts. From the relative intensities of the two spots in Fig. 
4e t the des(l-4) bST (lower band) was equimolar with full 
length bST, a result also supported by NH 2 -terminal sequenc- 
ing of the mixture (Table II). 

NH 2 -terminal amino acid sequence of the pituitary bST 
CM-cellulose pool material revealed two sequences: Ala-Phe- 
Pro-Ala-Met-Leu-Ser-Leu-Ser- (36%) and Phe-Pro-Ala- 
Met-Ser-Leu-Ser- (64%). This heterogeneity at the NH 2 
terminus of bST has been shown to result from proteolysis at 
successive peptide bonds during removal of the signal peptide 
of the somatotropin precursor protein during secretion (3). 
No other sequences were detectable. In particular, the Met- 
Ser-Leu-Ser- and Ser-Leu-Ser-Gly-Leu- species detected 
in pituitary bST samples purified by other methods (14) were 
not present in the pituitary bST preparation of this study. 

Tryptic mapping by reversed-phase HPLC has proven to 
be an analytical tool with high resolution for amino acid 
sequence heterogeneity in proteins (15). Pituitary somatotro- 
pin was digested with trypsin, and the resulting digest was 
analyzed by RP-HPLC. Individual peaks were isolated and 
identified by amino acid composition or by NH 2 -termuial 
sequencing, as necessary. Fig. 5 contains the tryptic map of 
bST as well as a map of the Ala^-Val 120 variant of somato- 
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of the position 126 allelic variation upon the spectra] proper- 
ties of the protein has not yet been determined 

Due to the extensive homology between prolactin and so- 
matotropin (18) and the possibility of copurification of the 
two proteins, it was desirable to perform an independent assay 
of the purified pituitary bST for contaminating prolactin. 
Re versed-phase HPLC analysis was performed, and no peak 
was detected in the bST chromatogram at the retention time 
expected for prolactin (chromatogram not shown), even at 
column loadings that would detect prolactin at the 1% level. 
In a Western blot assay of pituitary bST for prolactin using 
an antibody raised against highly purified prolactin, a small 
but distinct signal was observed for prolactin. However, the 
presence of trace amounts of somatotropin in the prolactin 
used for antibody production cannot be ruled out. The possi- 
bility of cross-reactivity of the anti-prolactin antibody for 
bST in this assay also exists. Collectively, the HPLC and 
Western blot assays have shown the pituitary bST prepara- 
tion to be essentially free of prolactin. 

Phosphorylation in vivo has been postulated as a mecha- 
nism for attenuation of activity of somatotropin and other 
pituitary hormones (19). Therefore, analysis of phosphoryla- 
tion in pituitary bST has been performed using solid-state 
3I P NMR. In contrast to a previous report of the presence of 
phosphate esters in ovirie somatotropin (20) from an NIH 
standard lot, no detectable phosphorous was found in pitui- 
tary bST prepared by the method described here, as shown in 
Fig. 6. Based on a phosphoserine standard, we estimate that 
there could be no more than 4 Mg of phosphoserine in the 175- 
mg pituitary bST sample that was examined. 

Biological Activity of Pituitary bST— Having established 
that the pituitary bST preparation contained both the ex- 
pected amino acid sequence variants at the NH 2 terminus and 
at position 126 as well as a postulated. isoaspartate derivative 
at position 128, the effect of these variations upon biological 
activity was investigated. Fig. 7 shows the results of a bovine 
liver receptor-binding assay of pituitary bST and methionyl- 
bST. Both proteins showed identical binding affinity for 
bovine liver receptors in the assay. None of the sequence or 
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Fig. 6. Cross-polarization magic angle spinning S1 P NMR 
spectra of phosphorylated amino acids and proteins, V r = 3 
kHz. Bottom, O-phosphoserine; middle, ovalbumin, sample weight = 
273 mg, 60,000 transients; top, bovine somatotropin isolated from 
pituitary glands, sample weight = 175 mg, 60,000 transients. 
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Fig. 7. Radioreceptor assay for bovine somatotropin. Bo- 
vine liver somatotropin radioreceptor assays were carried out as 
described under "Experimental Procedures." Results are shown as 
(B-B^/iBv-B**,) (where B = counts bound, Bo *■ counts bound in 
the absence of competitor, and B^ = counts bound in the absence of 
receptors) for increasing concentrations of unlabeled competitor. The 
error bars represent the 95% confidence range determined for each 
set of three replicates. The competition of a standard recombinant 
bovine somatotropin preparation (•) and (O) and a preparation of 
pituitary bovine somatotropin (A) and (A) with 128 I-rbST for bovine 
liver receptors is shown. Open and closed symbols represent separate 
experiments. 

structural differences between the pituitary and recombinant 
preparations had an apparent effect upon this measure of 
somatotropin activity. 

The protein preparations were also compared in an in vivo 
assay in which weight gain in mature female rats was deter- 
mined As shown in Fig. 8, no statistically significant differ- 
ences in potency were observed between methionyl-bST and 
pituitary-derived somatotropin. 

Previous studies of the galactopoietic response to somato- 
tropin in dairy cattle (21) have demonstrated that NIH stand- 
ard lots of bST obtained from A. Parlow displayed lower milk 
production activity than any of several recombinant somato- 
tropins, including the Mef'-Leu 128 , Met^-Val 126 , Ala^-Leu 128 
bST, and Ala" l -Val 126 bST variants. However, the Parlow 
bST preparations were subsequently shown by NH 2 -terminal 
sequence analysis to contain 40-50% des(l-4) molecules, as 
shown in Table II. In a subsequent study (22), recombinant 
des(l-4) somatotropin (NH 2 -terminal sequence 20% Met-Ser- 
Leu-Ser— , 80% Ser-Leu-Ser) was purified, assayed for gal- 
actopoietic activity, and also found to have decreased activity 
relative to full length recombinant bST. 

DISCUSSION 

A purification procedure for bovine somatotropin from pi- 
tuitaries has been developed which results in protein of high 
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should not occur at an appreciable rate under the conditions 
used in this paper for isolation of bST from pituitary (16). In 
studies of carboxylmethyltransferase activity using glucagon 
as a substrate, Ota et ai (24) determined that base treatment 
of glucagon (0.1 M NH<OH, pH 10.1, 37 # C, 3 h) resulted in 
rearrangement to L-isoaspartate at some asparagine residues 
but not at aspartate residues. Therefore, the conditions of 50 
mM Tris base, pH 10.3, 4 °C used in the DEAE-cellulose 
chromatography step in this preparation of pituitary bST 
appear unlikely to have yielded the observed level of isoas- 
partate. 

These data suggest that the Asp m 0-linked bST protein 
may be a component of somatotropin in vivo. The rate of 
isoaspartate formation in vivo has not been measured directly, 
but model peptide studies of rearrangement at an Asp-Gly 
sequence (Asp 12 * in bST is also followed by glycine) suggest 
that the rate is slow at physiological temperature and pH, 
with a on the order of weeks (16). However, the rate of 
reaction in proteins at a given aspartate residue is probably a 
function of tertiary structure as well as sequence (24, 25). 
Carboxylmethyltransferase activity, which has been proposed 
to be involved in repair of isoaspartyl damage in proteins by 
restoring the peptide bond (26), may have a -role in determin- 
ing the observed level of isoaspartate in bovine somatotropin. 
This activity has been isolated from the cytosolic fraction of 
pituitary tissue, although it is not yet known whether the 
enzyme is present in secretory granules harboring bST (27). 
The observed level of Asp 128 derivatization in pituitary bST 
may prove to be a complicated function of the rates of isom- 
erization, carboxylmethyltransferase activity, and secretion. 

Our analysis of pituitary bST for phosphorylated amino 
acids using 31 P NMR has demonstrated conclusively that the 
preparation contains no significant levels of phosphorus. This 
result is in contrast to a previous report that phosphate esters 
were present in pituitary ovine somatotropin (20). The mild 
conditions used for isolation in the method described herein 
have eliminated the possibility that phosphorus was lost dur- 
ing purification. The possibility exists that phosphorylation 
is specific to the ovine system and is not present in bovine, 
although this seems unlikely. More probably, the presence of 
phosphorylation in the ovine preparation was due to nonspe- 
cific kinase activity encountered during purification, which 
was avoided by the method described in this report. 

To assess the effect of pituitary bST microheterogeneity on 
activity, both direct binding studies to receptors in bovine 
liver membranes and growth response in a rat growth model 
were employed. For both assays, pituitary bST and recombi- 
nant somatotropin were found to have equivalent specific 
activities, as shown in Figs. 7 and 8. Similar conclusions 
regarding biological activity have been reached by other in- 
vestigators comparing recombinant bovine somatotropin with 
pituitary bST obtained from NIH through the National Hor- 
mone and Pituitary Program (U. S. A.) (28). 

In addition to demonstrating the equal potency of recom- 
binant and pituitary bST, the activity assay results have 
suggested that the proposed ^-linked component at Asp 128 
contains substantial activity. If this component comprising 
20% of the protein mass were totally inactive, the decrease 
would have been detectable by the rat growth assay. 



The rat growth assay employed has been shown to correlate 
with decreased gaiactopoietic activity in dairy cows (22) and 
therefore appears to be a valid predictor of milk yield for bST 
variants less active than methionyl-bST. Although the pitui- 
tary bST preparation described here has not yet been assayed 
directly for gaiactopoietic activity, we postulate that full ac- 
tivity would be observed. The decreased activity of the NIH 
standard lot of pituitary bST obtained from A. Parlow relative 
to recombinant methionyl-bST in the earlier studies (21) was 
due most likely to the high level 6f*NH 2 -terminal deletion 
variants present in the Parlow prepara^km (see Table II). 
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Fic. 2. SDS-PAGE and Western blot analysis of pituitary 
bST. a, SDS gels were 15% acrylemide, 0,75 mm thick, and were run 
for 4 h at 15 mA, constant current. Samples in lanes 1-7 were reduced 
prior to loading, and tones 9-15 are the same samples under nonre- 
ducing conditions. Lane /, Af r markers (BRL prestained); tone. 2, 
methionyi*bST; lane 3, pituitary bST. CM-cellulose pool; lanes 4-7, 
RP-HPLC (Fig. 1) peaks 1-4, respectively. Lane fi, blank. 6, Western 
blot of above gel probed with anti-bST antibody. The gel was electro- 
transferred to APT paper (Schleicher & Schuell) which was probed 
with antibody, stained with m J-protein A (Amersham Corp.), and 
exposed to film fonts h at -80 Jf with an intensifying screen. 
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Pic. 3. Isoelectric focusing analysis of pituitary bST. San- 
pies (100 pg) were applied to an agarose gel containing pH 5-9 
ampholytes and eleetrophoresed. Solid samples were solubilized in 
urea/Ths buffer. pH 9.0, at 4 *C end then applied to the gel. Lane J, 
IEF standards (Pharmacia); lane 2, Parlow pituitary bST; lane 2. 
pituitary extract; lane 4, DEAE-celhilose load; lane 5, CM-cellulose 
load; lane 6, CM-cellulose pool; lane 7, methionyl-bST, lot A; Zone 8, 
methionyl-bST, lot B. 

dominantly bST and also that trace amounts of immunoreac- 
tive bST species of apparent M, greater and less than 22,000 
were generated by the RP-HPLC isolation conditions. 

Chemical Analysis of Pituitary bST— Analysis by IEF gels 
was carried out as an assay for charge heterogeneity. Fig. 3 
shows the IEF pattern of pituitary somatotropin at various 
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amf growth hormone preparations 



Reference 



Solubilization procedure 



Average yield 



12 75% Ethanol, 150 mM NaOH, 3 h. 4 # C" 

13 75% Ethanol, pH 10.5, 10 h, 4 m C 

14 1 % Deoxycholate, pH 8.4, 20 h, 4 *C 
This work I mM EGTA, 10 mM NH 4 HC0 3 , pH 8.0, 

40 min, 37 *C 



mg/g whole 
pituitary 

0.8 
1.5 
2.0 
0.7 



3 


Ca(OH)„pH 11.5, 24 h, 4 'C 


1.6» 


11 


Ca(0H) a . pH 10.5, 1 h. 4 *C, freeze-thaw 
Ca(OH) a ,pHU.5, 24 h,4*C 


2.0 


15 


0.6* 


14 


0.1 M Sodium phosphate, pH 5.5, 16 h, 
4 *C, twice 


4.0 


16 


Freeze-thaw, 25 mM NaCl. 6.5 mM 
Na,B«0,, pH 8.7, 3 h, 0 *C 


1.9* 


13 


250 mM (NH«)sSd 4 , pH 5.5, 16 h, 4 'C 


1.0 


17 


250 mM (NH4)sS0«, pH 5.5, overnight, 
4'C* 


1.1 


This work 


1 mM EGTA, 10 mM NH 4 HC0* pH 8.0, 
40 min, 37 *C 


1.0 



ter previous extractions according to Ellis (18). 
tf weight of anterior pituitary tissue used. A conversion factor of 
ae applied. g jj *2 
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Li b6iH 

Fig. 1. Isoelectric focusing gel of samples from various 
growth hormone and prolactin preparations. The samples ana- 
lyzed were: lane a, bovine prolactin after preparative electrophoresis; 
lane b. bovine prolactin after DEAE-cellulose column; lane c, bovine 
prolactin obtained from the National Institutes of Arthritis, Diabetes, 
and Digestive and Kidney Disease, Lot NIH-P-B4 (13); lane d t ovine 
prolactin, gift from Dr. C. H. Li (29); lane e, bovine growth hormone 
after CM-cellulose column; lane /, bovine growth hormone after 
DEAE-cellulose column; lane g, bovine growth hormone obtained 
from Lot NIH-GH-B18 (13); lane h> bovine growth hormone, gift 
from Dr. C. H. Li (11). Each lane contained a total of 10 fig of protein. 
The approximate pH at the edge of the gel is shown. 

previously observed with human growth hormone (21). The 



Daniel Method 

(1966) 



Reich ert Method 
fNIH sample) 



Bell Method / 

(1985) 



Wood method 

(1989) 



bGH known in 
the art in 1966 
(Li/Wilhemi) 

I 

Gel-exclusion 
chromatography 

Pool samples 
with bGH & 
dialyze (dialysis 
removes salts) 



Extract with 
ammonium sulfate 
& centrifuge 



Re-extract & 
centrifuge 3 more 
times 

This method is 
based on Ellis 
method published 
in 1961. 



Unlike previous methods, bGH 

extracted in the absence of 
organic solvents & extreme pH 

ion-exchange chromatography 

Pool samples with BST, 
concentrate, buffer exchange by 
gel exclusion chromatography 

.* 

Carboxymethyl (CM)-cellulos e 
column 



bGH extracted from pituitary 
in urea — different from the 
Bell method 



ion-exchange 
chromatography, 

i 

Pool samples with BST, 
concentrate, buffer exchange 
by gel exclusion 
chromatography 



Pooled and 



dialyzed 

"5^T7 Fa 



I 

( CM) column 

i 

Pooled and dialyzed 



Product derived by Li, Reichert, Bell & Wood's DEAE steps look the same on IEF. See Fig. 1 
(Bell) & Fig. 3 (Woods) L i u ^ ^ 
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ABSTRACT. Mouse fibroblast cell lines which secrete bovine 
(b) GH have been generated This was accomplished by cotrans- 
forming mouse L cells (thymidine kinase-negative [TK - ] and 
adenine phosphoribosyl transferase-negative [APRT - ]) with 
DNA molecules encoding the Rous sarcoma virus-long- terminal 
repeat and bGH genes along with the herpes viral TK gene and 
the hamster APRT gene. One stable cell line, PdX-pbGH 4-13, 
was found to secrete approximately 75 jig bGH per 24 h/5.0 x 
10 6 cells. Media from this cell line were collected for purification 
of recombinant bGH (rbGH). Purification involved (NR l ) 2 SO* 
fractionation, ion-exchange chromatography, and gel filtration 
on Sephacryl S-200. The rbGH was characterized by bioassay, 
RIA, radioreceptor assay, and sodium dodecyl sulfate gel electro- 
phoresis. Results of these analyses were compared with those 



obtained with a highly purified pituitary bGH. In the rat tibia 
bioassay, rbGH was found to be as potent as pituitary bGH. 
Results from the RIA, radioreceptor assay, and sodium dodecyl 
sulfate gel electrophoresis and Western blot analysis also sug- 
gested that the rbGH was similar to that of pituitary origin. 
Amino acid composition, partial (amino-terminal) sequence, and 
tryptic peptide maps were also found to be similar between the 
rbGH and pituitary bGH preparations. The amino terminus of 
the rbGH showed similar heterogeneity to that of the bGH of 
pituitary origin. We conclude that rbGH which was synthesized, 
processed, and secreted from transformed mouse fibroblasts 
possessed almost exactly the same physiochemical properties as 
pituitary bGH. {Endocrinology 1 19: 1489-1496, 1986) 



i 



BOVINE GH (bGH), a 22,000-mol wt protein, was 
the first GH isolated and characterized from pitui- 
tary glands (1). GH, which is synthesized in and secreted 
by the anterior pituitary lobe, is necessary for normal 
growth and development. In classic experiments, it was 
shown that hypophysectomy stunts growth in animals, 
and exogenous administration of pituitary extract or 
purified pituitary GH reverses these effects (2, 3). GH 
not only stimulates proportional growth in animals but 
also influences protein, carbohydrate, and rat metabo- 
lism (4, 5). Hayashida etal. (6) showed, by immunochem- 
ical techniques, that during evolution the GH molecules 
retained a high degree of structural conservation. Indeed, 
most of the GHs which have been sequenced from differ- 
ent species show a high degree of homology (7). An 
example of species differences in the ability to respond 
to the different GH is that human dwarfs respond to 
primate GH but not to subprimate GH preparations (4, 
8). GH from all mammalian species promotes growth in 
the hypophysectomized rat and is active in the rat tibia 
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bioassay [(BA) Ref. 4]. 

GH isolated from pituitary glands is heterogeneous (9- 
11). A 20,000-mol wt variant of human GH (hGH), 
isolated and characterized by Lewis et al. (12), is formed 
by the deletion of residue 32-46 (13). Such deletions 
could be caused by the alternate processing of the hGH- 
messenger RNA (mRNA) precursors, as reported by 
DeNoto et cd. (14). The 20 K variant hGH has different 
biological, receptor-binding, and immunoactivities from 
those of the 22 K major form of hGH (10). -The 20,000- 
mol wt variant of bGH has not yet been isolated. Thus, 
the question remains as to whether different forms of 
GH in the bovine species have different biological activ- 
ity. Hart et al. (15) have reported an isohormone of bGH 
which possesses more growth activity than immunoactiv- 
ity, although it has no diabetogenic activity. 

With recombinant DNA technology, GH genes have 
been expressed in both prokaryotic and eukaryotic cells 
(16-24). However, only hGH and bGH have been purified 
to homogeneity from their prokaryotic expression in 
Escherichia colL They differ from the pituitary form of 
GH in having an extra methionine at the amino terminus 
as a result of the adenosine-uridine-guanosine start co- 
don inserted at the beginning of the gene (16-18, 25). 
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We have used an avian retroviral long-terminal repeat 
(LTR) to direct expression of a genomic plasmid clone 
of bGH to successfully establish a stable cell line which 
secretes bGH (26). This paper describes the isolation 
and purification, and the physiochemical and biological 
properties, of the recombinant bGH (rbGH). 

Materials and Methods 

Cell culture and purification 

Mouse L cells [thymdine kinase-negative (TK~) and adenine 
phosphoribosyl transferase- negative (APRT - )) were cotrans- 
formed with DNA molecules encoding the Rous sarcoma virus 
(RSV-LTR) and bGH genes along with the herpes viral TK 
gene and the hamster APRT gene. A stable, bGH -secreting 
mouse cell line, L-PdX-bGH4-13, was expanded into roller 
bottles and maintained in Dulbecco's modified Eagle's medium, 
10% calf serum, 15 pg/m\ hypoxanthine, 1 Mg/ml aminopterin, 
and 15 Mg/ml thymidine. The medium was collected at 3- to 4- 
day intervals and pooled. Pooled medium was frozen at —20 C 
until purification. 

Approximately 1 liter of pooled serum was thawed and sat- 
urated to 50% with (NH4) 2 S0 4 . The precipitate which formed 
was dialyzed and lyophilized, and it was further fractionated 
on diethylaminoethyl cellulose column equilibrated with 0.3 M 
Tris-HCl, pH 7.4, buffer. Most of the GH, which was not 
absorbed onto the column, was in the flow-through fractions. 
The GH-rich fractions were then passed through a Sephadex 
G-25 column (2.5 x 100 cm) equilibrated with 0.05 M 
NH4HCO3, then further purified in the same buffer (0.05 M 
NH4HCO3) on a Sephacryl S-200 column (2.5 x 100 cm). The 
purification was followed with a homologous RIA for bGH. A 
yield of approximately 30% was routinely obtained from the 
starting material (10-15 mg/liter bGH). 

BA, RIA and radioreceptor assay (RRA) 

A highly purified pituitary bGH, obtained from Dr. C. H. Li 
(University of California, San Francisco, CA), was iodinated 
by a modification of the lactoperoxidase procedure of Thorell 
and Johansson (27), previously described (28). The free iodine 
was separated from the protein -bound iodine by chromatogra- 
phy on a Sephacryl S-200 column equilibrated with 0.05 M PBS 
containing 1% BSA, and the labeled hormone was diluted in 
PBS-BSA buffer to a working concentration of 10,000 cpm/ 
100 M l. 

We generated and characterized antibody to purified pitui- 
tary bGH for the development of a homologous bGH-RIA in 
the following manner. Purified pituitary bGH was dissolved in. 
1 ml sterile saline at 100 Mg/ml and emulsified with an equal 
volume of Freund's complete adjuvant. Rabbits were immu- 
nized by procedures described by Vaitukaitis et al. (29). Booster 
injections were given at 4- to 6- week intervals; they involved 
use of 50 Mg.bGH per rabbit and incomplete Freund's adjuvant. 
Blood was collected from ear veins and screened with [ 125 I]bGH 
for titer determination. Antibody for bGH (pool 1; ABi) was 
used in the homologous RIA at 1:1000 dilution. The specificity 
of the ABi is shown in Fig. 1. bGH and ovine GH (oGH) 



competed with the ( 12s I]bGH label, but hGH, rat GH (rGH- 
and chicken GH (cGH) did not. Partial cross -reaction with 
ovine PRL (oPRL) was observed, possibly because of oGH 
contamination in the oPRL preparation. Other pituitarv hor- 
mones [ovine LH (oLH) and ovine FSH (oFSH)] did no* 
compete in the assay, and serum from a hypophysectomi2eri 
ewe showed no cross -reactivity. 

bGH was assayed by standard, double -antibody RIA proce- 
dures (28). Results are expressed as either nanograms per mi 
or micrograms per ml, in terms of reference preparations 01 
bGH (NH-B18) obtained from the National Pituitary A-re'ncv 
NIADDK. 

The cGH RRAs were performed according to procedure* 
previously described (28). In brief, cGH (FLcGH-2), iod-nated 
as described above, was used as the radioligand; 600 n$ mem- 
brane protein from chicken liver were used as the riceptor 
source in the RRA. The incubation was carried out at room 
temperature for 16-20 h before the mixture was centrif uged at 
4 C. The supernatant was decanted, and bound [ 125 I]cGH was 
counted in an automatic 7-counter (Micromedic model 10/6O>. 
Micromedic Systems, Inc., Horsham, PA). Results are ex- 
pressed as either nanograms per ml or micrograms per ml, in 
terms of reference preparations of bGH (NIH-B18) obtained 
from the National Pituitary Agency, NIADDK. 

The biological activity of the GH preparations was assayed 
in the hypophysectomized rat tibia BA (3). 

Chemical and physiochemical characterization 

The purity of the bGH was examined by disc gel electropho- 
resis at pH 8.3 in 7.5% acrylamide gels stained with amide 
black (30), and by slab gels, according to the methods of 
Laemmli (31), with sodium dodecyl sulfate (SDS) denaruring 
condition. The slab gels were run at either 12 or 15% acryl- 
amide, stained with Coomassie brilliant blue R-250, and de- 
stained with diffusion in 5% methanol and 7.5% acetic acid. 

Electroblotting was performed immediately after the com- 
pletion of electrophoresis. Proteins from the 15% slab gels were 
transferred onto nitrocellulose paper as described by Towbin 
et al. (32), with the use of electroblotting equipment (Hoeffei 
Scientific Instruments, San Francisco, CA). The electroblotting 
was performed overnight, and the paper was air dried after 
transfer. The nitrocellulose paper was immunostained with 
anti-bGH serum (pool 1) at a 1:1000 dilution, according to the 
procedures of Adair et al. (33). The unbound antibody was 
washed off, and immunostained paper was allowed to react with 
[ 125 I]Protein A (New England Nuclear, Boston, MA). The 
reactive bands were demonstrated by autoradiography. 

Amino acid composition and sequence determinations 

Both the native and rbGH were reduced and carboxymeth 
ylated before chemical characterization, tryptic mapping, anc 
partial microsequence analysis (34). This was accomplished b> 
dissolving the protein (5 nmol) in 500 m1 0.5 M ammoniun . 
acetate (pH 8) and 6 M guanidine hydrochloride containing S 
Mmol dithiothreitol, and incubating the mixture at room tem 
perature for 1 h. After reductive cleavage of the disulfide bonds 
sodium monoiodoacetate (4 Mmol) was added, and the result in* 
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Fig. 1. Displacement curves for bGH 
■), rbGH (•); oGH (O); oPRL (x); 
cGH, rGH, hGH, oFSH, and oLH in a 
homologous bGH RIA. Each point rep- 
resents the mean of duplicates. 
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solution was incubated in the dark for 2 h. The reaction was 
terminated by addition of 2-mercaptoethanoI (10 mD, the pH 
was decreased to 2,5 with trifluoroacetic acid, and the mixture 
was applied to a Vydac (Rainion Instrument Co., Inc., Woburn, 
MA) C4 reverse-phase HPLC column (5 tim packing; 33 nm 
pore size) that had been equilibrated with 0.1% aqueous tri- 
fluoroacetic acid. The column was then washed with 20 ml of 
the same buffer to remove excess reagents, buffer salts, and 
denaturing agent. The carboxymethylated protein was removed 
from the HPLC column by eluting with 60% acetonitrile con- 
taining 0.1% trifluoroacetic acid. The column effluent was 
onitored by a fluorescamein detection system (35). 
Tryptic digestion of the carboxymethylated proteins and 
isolation of the tryptic peptides by HPLC on a Vydac Cl8 
column (5 /im packing; 33 nm pore size) were carried out as 
previously reported (34, 36). Amino acid analyses were per- 
formed by HPLC, with the use of precolumn derivatization 
with phenylisothiocyanate (37, 38). Microsequence analyses 
were carried out on less than 500 pmoi protein with an Applied 
Biosystems (Foster City, CA) model 470A protein sequencer 
similar to that described by Hewick et ai. (39). Phenylthiod- 
antoin derivatives of amino acids were analyzed by HPLC on 
a Hypersil Cl8 column (5 /im packing; 10 nm pore size) with 
absorbance monitored at 269 nm and 313 nm on a Hewlett- 
Packard (Corvallis, OR) 1090 chromatograph (40). 

Hormone 

Native pituitary bGH (5882-76-1) was obtained from Merck 
Chemical Division (Rahway, NJ) and further purified in a 
Sephacryl S-200 column (2.5 x 90 cm) equilibrated with 0.05 
M NH 4 HC0 3 . The bGH peak (5882-84) was eluted with a V./ 
V 0 of 2.0 as measured by bGH RIA, and the fractions were 
pooled and lyophilized. The GH preparations are referred to 
hereafter as (5882) for the original and (5882-84) for the repu- 
rified preparations.- The bGH preparations purified from the 
cell culture medium will be referred to hereafter as rbGH. 
Recombinant bGH-2 and rbGH-4 are two different purified 
preparations. hGH (5704-68-1) was obtained from Merck 
emical Division and cGH (FLcGH-II) was purified by us 
Piously (28). oGH (NIADDK-oGH-12), oPRL (NIADDK- 



oPRL-17), oLH (NIH-S15), oFSH (NIH-S24), and rGH 
(NIADDK-rGH-RP-1) were obtained from the National Hor- 
mone and Pituitary Program (Baltimore, MD). 

Results 

Chemical and physiochemical characterization 

Figure 2 shows a typical gel filtration profile of the 
rbGH run on the Sephacryl S-200 column. It emerged as 
a single symmetrical peak. Disc gel electrophoresis of the 
native pituitary and rbGH revealed similar banding pat- 
terns, confirming the heterogeneity of the preparations 
(Fig. 3). The SD§-polyacrylamide gel electrophoretic 
(PAGE) analysis in 12.0% and 15% acrylimide gels of 
the native pituitary and rbGH also revealed a similar 
pattern among the preparations (Fig. 4 and 5-1). The 
major component is the 22,000-mol wt species GH and a 
minor component, a dimer of 44,000 mol wt. All prepa- 
rations showed similar patterns of minor protein bands, 
most noticeably the species of GH around 20,000 mol wt! 
When the proteins from the 15% gel were transferred 
onto the nitrocellulose paper by electroblotting, three 
prominent bands appeared; the 22,000, 44,000 and 
20,000 mol wt bands. However, minor bands also ap- 
peared to show cross-reactivity with the bGH antibody 
(Fig. 5-II). When the same preparations were subjected 
to isoelectrofocusing analysis, all four appeared to pos- 
sess multiforms of isohormone having isolectric point 
(Pi) values of 8.1, 7.9, and 6.8 (Fig. 6). 

The amino acid analysis of the native pituitary (5882- 
84) and rbGH-2 is shown in Table 1 with the composition 
of bGh reported by Graf and Li (41) for comparison. It 
is characterized by having four cysteine residues, a high 
content of glutamic acid, aspartic acid, and leucine and 
a low content of histidine and methionine. The N-ter- 
minal amino acid sequence analysis revealed that both 
the native pituitary and the rbGH were heterogeneous 
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Fk;. 2. A typical gel filtration profile of 
rbGH on a Sephacryl S-200 Column (2.5 
x 100 cm) equilibrated with 0.05 M 
NH 4 HCOj. Protein concentrations were 
determined by a Bio-Rad (Bio*Rad Lab- 
oratories. Richmond, CA) protein dye 
assay, with BSA as the standard. 
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Fig. 3. Polyacrylamide disc gel electrophoresis (pH 8.3), amido black 
stain. Gel was 7.5%. A, bGH (5882), original preparation; B, bGH 
(5882-84), repurified preparation and two different purified prepara- 
tions; C, rbGH-2; and D, rbGH-4. 

in their amino-terminal residues. There are aproximately 
e- Tiolar amounts of the native pituitary bGH species, 
s Ahg either with alanine or phenylalanine (43%), and 
inor species starting at position 4 with alanine (14%). 
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FiG. 4. SDS-PAGE (12%) determination of mol wts of GHs. M, Mo- 
lecular marker; A, bGH (5882), original preparation; B, bGH ("882- 
84), repurified preparation and two different purified preparations; C. 
rbGH-2; and D, rbGH-4. 

The rbGH contains 51% N-terminal alanine, 30% N- 
terminal phenylalanine and two minor species, one start- 
ing with proline (16%) at position 3 and another at 
alanine (3%) at position 4 (Table 2). The tryptic mapping 
of the native (5882-84) and rbGH-2 revealed similar 
elution profiles (Fig. 7). ^ 

BA, RIA, and RRA 

In the rat tibia BA (Fig. 8), the response to rbGH was 
dose dependent and essentially parallel to the responses 
to bGH 5882 and bGH 5882-84. The rbGH was equipo- 
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FIG. 5. I, SDS-PAGE (15%) determina- 
tion of mol wts of GHs. M, Molecular 
marker is same as described in Fig. 4; A, 
bGH (5882); B, bGH, 5882-84; C, rbGH- 
2; and D, rbGH-4. II, Autoradiography 
at" the Western blot of: A, bGH (5882); 
B, bGH (5882-84); C, rbGH-2; D, rbGH- 
4. 
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Fig. 6. Determination of the isoelectric point of the bGHs in poly- 
acrylamide gel isoelectric focusing. M, Marker protein, hemoglobin* A 
bGH (5882); B, bGH (5882-84); C, rbGH-2; D, rbGH-4. ■ ' 

tent with the purified native bGH (5882-84) and about 
twice as active as the reference material bGH (5882). 
The rbGH gave a parallel, dose-dependent response in 
the homologous RIA, but it seemed to be a little less 
potent than the two pituitary preparations (Fig. 9). In 
the cGH hepatic RRA, the pituitary preparation and the 
rbGH gave indistinguishable dose-displacement curves 
J (Fig. 10). 



Discussion 

f It is evident from the present study that the rbGH 
j purified from a medium of cultured fibroblasts trans- 
formed with an avian retroviral-bGH DNA recombinant 
is similar to that purified from the pituitary gland. The 
r 1 1 behaves almost exactly like the native pituitary 
U in the rat tibia BA and RIA and in the cGH RRA. 
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Table 1. Amino acid composition of native and rbGH 



Amino 
acid 


Native residues 


Recombinant 
residues 


Residues from 


bGH 


CM-bGH a 


bGH 


CM -bGH 


sequence 


Asx 


14.6 


15.6 


15.9 


15.3 


16 


Glz 


24.0 


24.6 


24.5 


24.5 


24 


Cmc 6 




4.1 




4.2 


Ser 


13.6 


13.5 


13.4 


13.6 


13 


Gly 


10.9 


10.9 


10.8 


11.3 


10 


His 


2.9 


2.8 


3.0 


2.8 


3 


Arg 


13.8 


13.5 


13.6 


13.7 


13 


Thr 


12.3 


11.9 


12.1 


11.7 


12 


Ala 


14.9 


14.6 


15.0 


14.7 


15 


Pro 


6.4 


6.3 


6.5 


6.5 


6 


Tyr _ 


6.0 


6.9 


5.9 


5.9 


6 


Val 


6.6 


6.2* 


6.3 


6.1 


6 


Met 


4.1 


4.0 


4.2 


3.8 


4 


l ACys 


3.7 




4.0 




4 


He 


6.5 


6.4 


6.2 


6.3 


7 


Leu 


26.7 


26.3 


25.9 


26.4 


27 


Phe 


12.5 


12.4 


12.6 


12.5 


13 


Lys 


10.4 


10.7 


10.3 


10.6 


11 


Trp 


ND 


ND 


•ND 


ND 


1 

191 



oauipies uuu-4w pmoij were nyarolyzed with constant boiling HC1 
at 150 C for 1 h. The number of residues was calculated assuming 190 
residues per molecule. Tryptophan content was not determined (ND) 

• CM -bGH, Carboxymethylated bGH. 

* CMC, Carboxymethylcysteine. 

The amino acid composition, tryptic mapping, and N- 
terminal sequence of the rbGH were also shown to be 
similar to those from bovine pituitary extract of native 
pituitary origin. Furthermore, the rbGH showed hetero- 
geneity similar to that of native pituitary bGH. 

GH is composed of a family of peptides which possesses 
various biological activities, with well-documented het- 
erogeneity (9-11). In humans, the major physiological 
species of GH is the 22,000-mol wt polypeptide having 
191 amino acid residues. Minor forms are the 20 K 
variant isolated and characterized by Lewis et al. (12) 
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Table 2. Microsequence analysis of native pituitary and rbGH 



Peptide 1234 56789 10 % Pituitary bGH % rbGH 

bGH (1-191) N-Ala-Phe-Pro-Ala-Met-Ser-Leu-Ser-Gly-Leu 43 51 
bGH (2-191) N-Phe-Pro-Ala-Met-Ser-Leu-Ser-GIy-Leu 43 30 
bGH (3-191) N-Pro-Ala-Met-Ser-Leu-Ser-Gly-Leu 16 
bGH (4-191) iv-Ala-Met-Ser-Leu-Ser-Gly-Leu 14 3 




120 
TIME. MIN. 

Fig. 7. Reverse-phase HPLC profiles of the tryptic digestion of car- 
boxymethylated bGHs. A, bGH (5882-84); B, rbGH-4. Digests were 
applied to a Vydac C18 column (5 urn, 4.6 x 250 nm) equilibrated with 
0.1 trifiuoroacetic acid, then eluted with a gradient of acetonitrile. 
Column flow rate was 0.5 ml/min. 

and the 45 K variant, which represents aggregates of the 
hGH. Although the 20 K variant was found to be as 
active as the 22 K hGH in stimulating body weight gain 
and somatomedin production in hypophysectomized rats 
(12, 42, 43), it lacked the insulin-like activity and the 
lipolytic activity which are characteristic of the 22 K 
hormone (44). In addition, compared to the 22 K variant, 
the 45 K aggregates possessed only about 10% of the 
growth activity and 50% of the lactogenic activity (45). 
Recently, Hart et ai. (15) reported that a fraction purified 
from bovine pituitary extract by passing it through a 
diethylaminoethyl-Sephacel column possessed growth- 
promoting activity but was not diabetogenic and pos- 
sessed littlie immunoactivity. 

Both bGH and hGH have been cloned, expressed, and 
purified to homogeneity in prokaryotes by various groups 
(16-18, 25). Protein sequence analysis revealed that the 
sequence of these bacteria-derived hormones corresponds 
to the 22 K major form of GH, with an additional 
methionine at the amino terminus due to the expression 
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Fig. 9. Displacement curves for bGHs in a homologous RIA: bGH 
(5882), O; bGH (5882-84), rbGH-4, A. 

vector that was used in these systems. In isoelectrofo- 
cusing studies. Stebbing et al. (46) found a minor (more 
acidic) form of bacteria-derived hGH, which they sug- 
gested was an artefact generated in vitro. 
The bGH heterogeneity that we observed may have 
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resulted from the fact that the LTR-bGH which we 
transfected into the mouse fibroblasts was mutated 
Doehmer et al (47) reported that the, rGH secreted by 
mouse cells transfected with a Moloney mouse sarcoma 
virus rGH DNA had a slightly higher mol wt than native 
pituitary rGH. These workers also reported that their 
mRNA was approximately 250 nucleotides larger than 
its bona fide rat pituitary counterpart. However, almost 
all the variants we found with rbGH preparations cor- 
responded with the native pituitary preparations and had 
le leader sequence cleaved from the pro-GH during 
synthesis. This suggests that the rbGH synthesized in 
she eukaryotic cells resembled bGH formed by de novo 
synthesis more than did the rbGH derived from prokar- 
yotes. 

It is of particular interest that the amino terminus of 
the rGH was heterogeneous. It was first found in native 
pituitary bGH (48, 49), suggesting that the leader se- 
quence of the pro-GH was cleaved with fidelity, leaving 
the end-terminal residue of the bGH either alanine or 
phenylalanine. The same heterogeneity of the amino 
terminus was also found when bovine pituitary RNA was 
translated in the wheat germ cell system in the presence 
of microsomal membrane (50). Thus, it suggests that the 
cleavage of the leader sequence of bGH is intrinsically 
faithful. Our results demonstrate that mouse fibroblasts, 
which are not secretory in nature, can synthesize, proc- 
ess, and secrete polypeptides when they are transfected 
with an exogenous DNA whch is coded for a secretory 
protein. , 

Using recombinant complementary DNA (cDNA) 
probes, Seeburg (51) obtained a nucleotide sequence of a 
gene, known as hGH-V, encoding a protein that differs 
fern hGH in only 13 positions. The protein, which was 
produced and expressed by a DNA recombinant consist- 

t of simian virus 40 hGH-V in monkey cells, had very 
<# immunoactivity but seemed to have receptor binding 
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activity similar to that of the native hGH-N gene prod 
ucts (23) These data suggest that the heterogeneity of 
■f could w due to expression of multiple genes The 
data presented here suggest that the heterogeneity of 
bGH is posttranscriptional and posttranslational The 
data also suggest that heterogeneity is all derived from 
the product of a single gene, rather than from multiple 
gene expression, since most of that observed in the native 
preparations could be identified in the rbGH prepara- 
tions. 

The bacteria-derived hGH has been reported to pos- 
sess both diabetogenic and lipolytic activities (52, 53) 
suggesting that, along with the growth activity of GH 
they are intrinsic in nature. Work is in progress to 
determine the diabetogenic and lipolytic activities of the 
rbGH purified from mouse fibroblasts. 
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In vitro aging at pH 7.4, 37 °C causes natural se- 
quence recombinant human growth hormone (rhGH), 
methionyl rhGH, and human pituitary growth hor- 
mone to become substrates for bovine brain protein 
carboxyl methyltransferase, an enzyme that modifies 
the "side chain" a-carboxyl group present at atypical 
isoaspartyl linkages. The substrate capacity of rhGH 
increased at a rate of 1.8 methyl-accepting sites/day/ 
100 molecules of hormone. Reversed-phase high per- 
formance liquid chromatography (HPLC) ..of trypsin 
digests of aged rhGH revealed two altered peptides not 
present in digests of control rhGH. These two frag- 
ments, which had the amino acid compositions of resi- 
dues. 128-134 (Leu-Glu-Asp-Gly-Ser-Pro-Arg) and 
146-158 (Phe-Asp-Thr-Asn-Ser-His-Asn-Asp-Asp- 
Ala-Leu-Leu-Lys), contained the majority of the in- 
duced methylation sites, 22 and 58%, respectively. 
Isoaspartate can result from deamidation of asparagine 
or isomerization of aspartate. Isomerization of Asp- 
130, the only candidate site in 128-134, was corrob- 
orated by coelution of the altered fragment with the 
synthetic isoaspartyl peptide upon reversed-phase 
HPLC- Evidence is presented that the altered 146-158 
fragment is a mixture of two peptides resulting from 
deamidation of Asn-149 to form 70-80% isoaspartate 
and 20-30% aspartate at this position. The position of 
isoaspartate in the altered 146-158 fragment was de- 
duced from mass spectrometry, which indicated a sin- 
gle deamidated asparagine; from methylation stoichi- 
ometry , which indicated only one methylation site; and 
from automated Edman degradation, which showed an 
absence of asparagine and a low yield of aspartate at 
position 149. These results show that isoaspartate for- 
mation from both aspartate and asparagine is a signif- 
icant, and possibly the major, source of spontaneous 
covalent alteration of rhGH and that enzymatic car- 
boxyl methylation provides a powerful tool for assess- 
ing this type of modification. 



Although covalent damage to proteins can be caused by 
numerous reactions involving the side chains of amino acids 
and the amide linkages of the polypeptide backbone (Harding, 
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1985), deamidation of asparagine side chains at specific sites 
is emerging as a major contributor in the pH range to which 
proteins are most typically exposed. For example, there is 
evidence that deamidation of asparagine is primarily respon- 
sible for the inactivation of lysozyme (Ahem and Klibanov, 
1985), triose-phosphate isomerase (Yuan et at, 1981; Casal et 
aL, 1987; Ahern et aL, 1987), adrenbcorticotropin (Graf et aL, 
1973), and calmodulin (Johnson et aL, 1985, 1987a, 1989). In 
small peptides, deamidation of asparagine proceeds most rap- 
idly when the amino acid sequence favors intramolecular 
catalysis and the formation of a cyclic imide intermediate 
(Fig. 1; Bornstein and Balian, 1977; Geiger and Clarke, 1987). 
The major final product of deamidation of this mechanism 
contains an isoaspartyl linkage wherein the 0-carboxyl group 
of the aspartate is part of the polypeptide backbone, and the 
a-carboxyl group is present as an atypical one-carbon carbox- 
ylic acid side chain. Isoaspartyl linkages can also be generated 
in small peptides through isomerization of aspartate (Swallow 
and Abraham, 1958; Geiger and Clarke, 1987). This reaction, 
which also proceeds through a cyclic imide intermediate, is 
much slower than the formation of isoaspartate through 
deamidation of asparagine (Geiger and Clarke, 1987). 

Studies on the hydrolysis of aspartyl j3-carboxyl esters in 
small peptides have shown that the amino acid following the 
aspartyl residue can have a large effect on the rate of cyclic 
imide formation, the greatest rates being observed when this 
amino acid is serine, threonine, or glycine (Bodanszky and 
Kwei, 1978). In untreated proteins and peptides, evidence for 
isoaspartate has been found at positions originally occupied 
by Asn-Gly (Graf et aL, 1971; Kanaya and Uchida, 1986; 
Haley and Corcoran, 1967; DiDonato et aL, 1986; Henderson 
et aL, 1976), Asp-GIy (Haley and Corcoran, 1967; Tatemoto 
and Mutt, 1981), Asn-Ser (DiAugustine et aL, 1987), Asn-Thr 
(Haley and Corcoran, 1967; Ota et aL, 1987), Asp-Thr (Ota 
and Clarke, 1989), Asn-His (McDonald et aL, 1983), Asp-Gin 
(Ota and Clarke, 1989), and Asp-Tyr (Ota et aL, 1987). In 
addition to sequence factors, the bond angles controlling 
access of the a-nitrogen of the adjacent amino acid to the 0- 
carbonyl of the asparagine or aspartate (see Fig. 1) should 
play a role in the rate of cyclic imide formation in proteins 
with considerable structure (Clarke, 1987; Kossiakoff, 1988; 
Ota and Clarke, 1989). 

Interest in isoaspartate has increased in recent years follow- 
ing the discovery that it is selectively methylated by a protein 
carboxyl methyltransferase (EC 2.1.1.77) (Aswad, 1984; Mur- 
ray and Clarke, 1984) which is present in a wide variety of 
species and cell types (Diliberto and Axelrod, 1976; O'Connor 
and Clarke, 1985). Protein carboxyl methyltransferase meth- 
ylates synthetic isoaspartyl peptides with little, dependence 
on the surrounding sequence (reviewed by Aswad and John- 
son, 1987), and a broad range of protein serves as substrates 
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Isoaspartate Formation in 




tSOWPARTU PEPTIDE 

Fig. 1. Mechanisms for the formation of iso asp arty] link- 
ages. upon deamidation of asparagine or isomerization of as- 
partate. Bold lines indicate the predominant pathways at neutral 
P H. 

both in vivo and in vitro. The methylation of each protein 
substrate appears to be limited to a minor subpopuiation that 
presumably contains isoaspartyl linkages. The specificity of 
protein carboxyl methyltransferase suggests that the enzyme 
may be involved in the repair or removal of isoaspartate, and 
the ubiquity of the enzyme may indicate that isoaspartate 
formation is prevalent in vivo. With synthetic isoaspartyl 
peptides in vitro, protein carboxyl methyltransferase can con- 
vert a majority of the isoaspartate to aspartate (Johnson et 
aL, 1987b; McFadden and Clarke, 1987; Galletti et aL, 1988a). 
Moreover, this type of conversion has been shown to return 
activity to isoaspartyl calmodulin (Johnson et aL, 1987a). 

Methylation by protein carboxyl methyltransferase using 
the radiolabeled methyl donor S-adenosyl-L- [methyl- 5 H]me- 
thionine ([ 3 H]AdoMet> could provide a simple radiometric 
assay for assessing the isoaspartyl content of proteins that 
have become altered during purification, storage, or incuba- 
tion (DiDonato et aL, 1986; Ota et aL, 1987; Johnson et aL, 
1989; Ota and Clarke, 1989). In order to determine the sites 
that are prone to isoaspartate formation in an intact protein, 
we have now used protein carboxyl methyitransferase to in- 
vestigate the occurrence of isoaspartyl linkages in recombi- 
nant DNA-derived human growth hormones (rhGH) 1 after 
aging at pH 7.4 and 37 °C. rhGH is available in two forms, 
one of which possesses the natural sequence of the hormone, 
the other of which carries an additional methionyl residue as 
its aniino-terminal amino acid (Met-rhGH) (Kohr et al, 
1982). Both forms are effective pharmaceutical agents that 



1 The abbreviations used are: rhGH, recombinant DNA-derived 
human growth hormone; Met-rhGH, rhGH possessing an additional 
methionine at the amino terminus; hGH, human growth hormone; 
HPLC, high performance liquid chromatography; HEPES, 4-(2-hy- 
droxyethyl)-l-pipera2ineethanesulfonic acid; EGTA, [ethylene- 
Moxyethylenenitrilo)]tetraacetic acid. 
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are being used clinically for the treatment of hypopituitary 
dwarfism. hGH is a meaningful model because it is known to 
become deamidated upon in vitro aging at weakly alkaline pH 
(Lewis et al., 1970; Lewis et aL, 1981) and because deamidated 
forms of the hormone have been detected in human plasma 
(Stolar et aL, 1984; Baumann et al., 1987). A subpopuiation of 
hGH molecules serves as a substrate for protein carboxyl 
methyltransferase (Diliberto and Axelrod, 1974; Kim and Li, 
1979), suggesting that isoaspartyl linkages are indeed formed 
in the protein. Recently, the deamidation of rhGH was studied 
by two groups (Hancock et aL, 1987; Becker et aL, 1988), and 
it was shown that the asparagine at position 149 was the 
primary site of deamidation. 

Our results show that isoaspartyl bond formation is appar- 
ently the major alteration occurring to rhGH during in vitro 
aging under physiological conditions, that isoaspartate can be 
generated from both aspartate and asparagine in the intact 
molecule, and that rhGH structure affects the rate of isoas- 
partate formation, especially at the asparagine site. 

EXPERIMENTAL PROCEDURES 

Incubations — Recombinant DNA-derived human growth hormones 
were dialyzed at 4 'C against 50 mM potassium HEPES, pH 7.4, 1 
mM EGTA, 5% glycerol 0.02% sodium azide. Control portions were 
frozen at -70 *C immediately after dialysis. Aged portions were placed 
at 37 *C for varying periods of time as indicated Incubations were 
stopped by freezing at -70 °C. Incubations of synthetic peptides were 
performed similarly except that in place of dialysis, the peptides were 
evaporated from solutions in 0.1% (w/v) trifluoroacetic acid and then 
resuspended in the aging buffer. 

Trypsin Digestions— Aged and control portions of rhGHs (about 2 
mg/ml) were dialyzed at 4 *C against 100 mM sodium acetate, 10 mM 
Tris, 1 mM calcium chloride (pH adjusted to 8.3 with acetic acid). 
Trypsin that had been treated with L-l-chloro-3-(4-tosylamido)-4- 
phenyl-2-butanone to remove chymotrypsin activity (Sigma) was then 
added to give an initial trypsin to hormone ratio of 1:100 (w/w). After 
2 h of incubation at 37 *C, an amount of trypsin equal to the first 
was added, and digestion was continued for an additional 2 h. In 
those cases in which digests were to serve as substrates for protein 
carboxyl methyltransferase, the digestions were stopped by adding 
phenylmethylsulfonyl fluoride to a final concentration of 4 mM. 
Otherwise, digestion was stopped by adding 0.10 volume of 88% 
phosphoric acid. 

High Performance Liquid Chromatogruphy — Reversed-phase 
HPLC of tryptic fragments was performed using a gradient HPLC 
system from Gilson and 4.6-mm x 10-cm columns of Aquapore RP- 
300 (Brownlee Labs) fitted with 3 -cm guard columns of the same 
material. Solvent A was 0.1% (w/v) trifluoroacetic acid in water that 
was purified using a Milu-Q water system (Millipore). Solvent B was 
0.08% (w/v) trifluoroacetic acid in acetonitrile. For some experiments, 
solvent A was 30 mM sodium phosphate, pH 6.5, and solvent B was 
acetonitrile. All separations employed a linear gradient of 0.5% sol- 
vent B/min and a flow rate of 1 ml/min. Detection at 214 nm was 
accomplished with a Kratos Spectroflow 757 UV absorbance detector. 

Methylation Reactions— Intact growth hormones, purified peptides, 
or phenylmethylsulfonyl fluoride-stopped trypsin digests were meth- 
ylated in 40-min, 30 *C, pH 6 reactions using the type 1 isozyme of 
protein carboxyl methyltransferase, which was purified from bovine 
brain as described previously (Aswad and Deight, 1983). Reactions 
were carried out in a final volume in which substrates were present 
at 10 fiM final concentration, protein carboxyl methyltransferase at 
5 fiM (except when protein carboxyl methyltransferase concentration 
was explicitly varied) and ( s H]AdoMetat 200 mM. The specific activity 
of protein carboxyl methyitransferase was 15-20 nmol/min/mg when 
5 mg/ml 7 -globulin was used as substrate. The active (S,£)-diaster- 
eomer of [ 3 H]AdoMet was present at a specific activity of 80-200 
dpm/pmol as determined by the method of Hof&nan (1986), Meth- 
ylation reactions containing intact rhGH were terminated by adding 
1 ml of 7% (w/v) trichloroacetic acid, and methyl incorporation was 
determined according to Aswad and Deight (1983). Methyl incorpo- 
ration into purified peptides was determined using a methanol diffu- 
sion assay that is a modification of the method of MacFarlane (1984). 
Methylation reactions of phenylmethylsulfonyl fluoride-stopped tryp- 
sin digests were stopped by freezing at -15 0 C. They were thawed 
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and immediately injected for reversed-phase HPLC in order to eval- 
uate methyl incorporation into individual fragments. 

Amino Acid Compositions— Tryptic fragments (0.2-1 nmol) were 
collected from reversed-phase HPLC using the trifluoroacetic acid/ 
acetonitrile solvent system. They were then evaporated in acid- 
washed microcentrifuge tubes by centrifugation under vacuum. HPLC 
solvent from blank injections was collected in the elution region of 
each fragment, and these fractions were handled in parallel with the 
samples. Evaporated samples and blank fractions were resuspended 
in 0.5 mi of 6 N HCI, 0.1% thioglycolic acid and transferred to Pierce 
Chemical Co. vacuum hydrolysis tubes. After evacuation* the tubes 
were heated for 24 h at 110 'C in a block heater. The hydrolysates 
were transferred to fresh acid-washed microcentrifuge tubes, evapo- 
rated, resuspended once in water, and evaporated again. They were 
then resuspended in 20-60 m1 of 2% (w/v) sodium dodecyl sulfate in 
0.4 M sodium borate, pH 9.5, evaporated again, and then resuspended 
in a volume of 12 S-methylcysteine. equal to that of the borate 
solution. The 5-methylcysteine served as an internal standard for 
amino acid composition analysis by the method of Jones et aL (1981), 
which involves derivatization with o-phthaldialdehyde followed by 
reversed-phase HPLC and fluorescence detection of the derivatized 
amino acids. For the separation of amino acid derivatives, a Bee km an 
Ultrasphere ODS C-18 column was used Detection was accomplished 
with a Gilson model 121 fluorimeter using excitation at 305-395 nm 
and emission at 430-470 nm. Peak areas of amino acid derivatives in 
the samples were compared with those from a derivatization of a 
standard mixture of o-phthaldialdehyde-reactive amino acids (Pierce 
Chemical Co.). Amino acids were determined in injections containing 
25-100 pmol of derivatized hydrolysate. Hydrolyses were performed 
in duplicate, and results are reported as the means. 

Protein Determinations— Protein concentrations were determined 
by the method of Lowry et aL (1951) following precipitation with 7% 
(w/v) trichloroacetic acid Bovine serum albumin was used as a 
standard 

RESULTS AND DISCUSSION 

Generation of Isoaspartyl Methylation Sites in Human 
Growth Hormone—In order to determine whether significant 
isoaspartate formation would occut in growth hormone at 
physiological pH and temperature, Met-rhGH was aged for 
14 days at pH 7.4, 37 °C. It was then assayed for its ability to 
incorporate methyl groups from bovine brain protein carboxyl 
methyltransferase and pH]AdoMet. The methyl-accepting 
capacity was determined by varying the protein carboxyl 
methyltransferase concentration in reactions containing hor- 
mone at 10 fiM and [ 3 H]AdoMet at 200 pM. Under these 
conditions, the methylation should increase with increasing 
protein carboxyl methyltransferase concentration until it 
reaches a plateau representing complete modification of the 
isoaspartyl subpopulation that is accessible to the enzyme 
(Aswad, 1984). As shown in Fig. 2A, a maximal methylation 
of 0.27 moi of CHa/mol of Met-rhGH was achieved for the 
aged protein, whereas the control protein could be methylated 
to no more than 0.01 mol/mol under the same conditions. 
Maximal methylation was achieved when protein carboxyl 
methyltransferase was present at 3 pM or higher. The require- 
ment for a relatively high enzyme concentration is largely due 
to the fact that this enzyme has an unusually low turnover 
number. Several previous studies indicate a similar high pro- 
tein carboxyl methyltransferase requirement for stoichiomet- 
ric methylation of isoaspartyl peptides or deamidated proteins 
(Aswad, 1984; Johnson et at, 1985; DiDonato et aL, 1986). 

Virtually identical increases in methyl-accepting capacity 
were observed for different lots of Met-rhGH and for natural 
sequence rhGH from two manufacturers (Table I). Similar 
experiments have also been carried out on authentic human 
pituitary growth hormone (Crescormon®, KabiVitrum AB). 
With this material, the methyl-accepting capacity of the 
untreated material was quite high (0.17 mol of methyl/mol of 
hormone) probably because the sample available had been 
stored under uncontrolled conditions for over 2 years. Never- 




[PCMT)(nM) 



Fig. 2. In vitro aging of Met-rhGH increases its ability to 
be methylated by protein carboxyl methyltransferase 
{PCMT). Samples of Met-rhGH (Protropin®) were aged for varying 
periods of time at 37 *C in 50 mM potassium HEPES, pH 7.4, 1 mM 
EGTA, 5% glycerol, and 0.02% sodium azide. A shows the methyl- 
accepting capacity of control and 14-day aged Met-rhGH as deter- 
mined in reactions in which the concentration of hormone was fixed 
at 10 ^M, and the concentration of protein carboxyl methyltransferase 
was varied. B shows the methyl-accepting capacity of Met-rhGH aged 
for varying times and then methylated at a concentration of 10 
in the presence of 5 protein carboxyl methyltransferase. 

Table I 

Comparisons of aging-induced methyl incorporation into 
rhGH from various sources 
Results are reported as the means of duplicate determinations. The 
average range of duplicates was 3.1% of the mean for aged samples 

and 16% of the mean for control samples. 

Manufec- Methyl incorporation 
turer Control Aged Change 



rhGH 



Tradename 



mot/mot 

Met rhGH a Protropin* Genentech 0.008 0.269 0.261 
Met-rhGH 4 * Protropin* Genentech 0.005 0.245 0.240 
Natural sequence Genentech 0.004 0.249 0.245 
Natural sequence Humatrope* Lilly 0.011 0.263 0.252 

0 Two different lots of Protropin* were analyzed. 

theless, a 2-week incubation of Crescormon® under the same 
conditions used in Table I caused its methyl-accepting capac- 
ity to increase to 0.35 mol of methyl/mol of hormone. Al- 
though the Crescormon® samples were not studied further, 
these results show that the aging-induced formation of isoas- 
partate is not unique to the recombinant DNA-derived forms 
ofhGH. 

The time course of the generation of isoaspartyl methyla- 
tionsites in Met-rhGH is shown in Fig. 2£. Methyl incorpo- 
ration became detectable after 2 days of aging, the earliest 
time point tested, and it continued to increase over 28 days, 
approaching 0.5 mol of isoaspartyl methylation sites/mol of 
polypeptide. The increase in methylation with time was nearly 
linear in the range studied here, and it proceeded at a rate of 
1.8 methyl-accepting sites/day/100 molecules of Met-rhGH. 
This indicates that hGH is particularly prone to isoaspartate 
formation. In a recent study, nine proteins were aged under 
the same conditions used here, and only calmodulin was found 
to accumulate isoaspartate at a greater rate (Johnson et ok 
1989). 

Methyl-accepting Tryptic Fragments of Aged Growth Hor- 
mone — As a first step in determining the locations of isoas- 
partate in aged growth hormone, samples of control and 1^* 
day-aged Met-rhGH were digested with trypsin. The digestion 
mixtures were either injected directly for reversed-phase 
HPLC using trifluoroacetic acid/acetonitrile solvents, or firsj 
methylated with protein carboxyl methyltransferase and [ 3 HI 
AdoMet and then injected. Peptides were detected by absorb* 
ance at 214 nm. Methylated peptides were detected by sciO' 
tillation counting of collected fractions. 

As shown in Fig. 3, right panels, there were two major peaks 
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FIG. 3. Reversed-phase HPLC of tryptic fragments of aged and control Met-rhGH with or withont 
prior •methylation by protein carboxyl methyltransferase. Control Met-rhGH andMet-rhGH that had been 
aged for 14 days at pH 7.4, 37 X were digested with trypsin as described under "Experimental Procedures" and 
were then subjected to reversed-phase HPLC using trifhioroacetic acid/acetonitrile solvents. The kft panels show 
the profiles of absorbance , «t 214 nm for digests of the aged and control material as well as for a blank trypsin 
digestion mixture lacking hormone substrate. The arrows indicate aging-induced changes in the elution of tryptic 
fragments. The nght panels show the radioactivity profiles obtained when similar digests were first methylated at 
*concentrat.on of 10 W usingo „M protein carboxyl methyltransferase and 200 m m fH] AdoMet (200 dpm/pmol) 
I Jrf 100 ""J"! a l ml - T he methylation reaction containing a blank trypsin digest as substrate shows that 
the two large peaks of radioactivity eluting early in the runs are not related to methylation of Met-rhGH fragments 
All injections contained the equivalent of 1.2-1.4 nmol of Met-rhGH 



containing methyl groups when the tryptic digest of aged Met- 
rhGH was used as a substrate for protein carboxyl methyl- 
transferase. The peaks of radioactive methyl groups were 
much smaller when the tryptic digest of control Met-rhGH 
was used as the substrate, indicating that the formation of 
isoaspartate occurred during the 14-day, pH 7.4, 37 °C aging 
of the Met-rhGH, not during the trypsin digestion procedure. 
The first major methylated fragment (site 1) eluted at 15 min 
and accounted for 22% of the aging-induced methylation 
recovered from the column. The second major peak of radio- 
activity (site 2) eluted at 33 min and accounted for 58% of 
the recovered aging-induced methylation. There were a num- 
ber of other methylated peptides that were more prevalent 
after aging of the Met-rhGH. None of these minor methyla- 
tion sites accounted for more than 5% of the total recovered 
methyl esters. One minor peak of radioactivity, eluting at 22.5 
min, seemed to be attributable to methylation of Met-rhGH, 
but it did not increase with aging. The sum of these minor 
peaks made up 20% of the recovered methyl groups. 

The total aging-induced methylation of the tryptic frag- 
ments recovered from the column represented 0.35 mol of 
CH 3 /inol of injected Met-rhGH. This value, when compared 
with the 0.26 mol of CH 3 /mol of change in methyl incorpo- 
ration obtained for the intact protein, suggests that all of the 
methyl-accepting capacity of the intact Met-rhGH can be 
accounted for by the methylated fragments recovered from 
the column. The higher methyl-accepting capacity of the 
tryptic digest may indicate that some of the isoaspartate ' 
generated in the intact hormone was not accessible to the 
enzyme due to conformational constraints. Such an effect has 
been observed in a more extreme form during studies on the 
Methylation of isoaspartate in deamidated bovine seminal 



ribonuclease (Galletti et aL, 1988b). 

Each of the two major methylated fragments eluted shortly 
after a peptide that changed elution position in an aging- 
dependent manner (indicated by arrows in the center left 
panel of Fig. 3). Because methylation of a carboxyl group 
increases the hydrophobicity of a peptide and thus causes 
later elution during reversed-phase HPLC (Murray and 
Clarke, 1984; Aswad et al f 1987; Johnson et aL, 1987b; Mc- 
Fadden and Clarke, 1986; Galletti et aL, 1988a), these altered 
fragments probably contain the isoaspartates formed during 
aging. The changes in these two tryptic fragments are the 
only large differences between control and aged Met-rhGH 
which are apparent from the profile of absorbance at 214 nm. 
Thus, the formation of isoaspartate may be the major covalent 
alteration of rhGH occurring under physiological conditions. 

In order to test the possibility that the ammo-terminal 
metMonine of Met-rhGH affected the rate of formation of 
isoaspartate at any of the sites, the above experiments were 
repeated with natural sequence rhGH. The methylated peaks 
in aged natural sequence rhGH were found to be identical in 
position and relative amounts to those in aged Met-rhGH 
(not shown). Absorbance profiles of trypsin digests of control 
and aged natural sequence rhGH also showed the same aging- 
dependent shifts in the elution of peptide fragments as did 
Met-rhGH. 

Isolation and Characterization of Methyl-accepting Site 1 — 
The fragment that eluted at 12 min in digests of control Met- 
rhGH was decreased in area upon aging of the Met-rhGH, 
and there was a peak at 11.2 min in digests of aged Met-rhGH 
which was not present in digests of the control material (Fig. 
3). Methylated site 1 eluted slightly later than this altered 
fragment, suggesting that the 11.2-min peak may be the 
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isoaspartyjj peptide responsible for site 1. To verify that the 
11.2-min peak was the methyl acceptor and not some other 
peptide preceding methylated site 1, 13 nmol of aged Met- 



rhGH was digested with trypsin and injected for reversed- 
phase HPLC using trifluoroacetic acid/acetonitrile solvents. 
Each peptide fragment eluting before 15 min was coDected, 
reduced to dryness by centrifugation under vacuum, and re- 
suspended in 150 m1 of water. Samples of 25 ^1 each were then 
assayed for methyl-accepting capacity. As shown in Table II, 
only the aging-induced peak eluting at 11.2 min exhibited 
appreciable methyl incorporation. 

When the purified 11.2-min peptide was injected for HPLC 
following methylation by protein carboxyl methyltransferase 
and [ 3 H]AdoMet, the radiolabeled methyl ester eluted at the 
same retention time as methylated site 1 (Fig. 4). Therefore, 
the 11.-2 min peptide did indeed contain methyl-accepting 
site 1. Fig. 4 also shows that methylation resulted in a com- 
plete loss of the original peptide, which indicates that it was 
quantitatively methylated by protein carboxyl methyltrans- 
ferase. The methylated product contained 1,06 mol of CH3/ 
mol of peptide (the amount of peptide was calculated from 
the absorbance of the methylated peptide at 214 run relative 
to the absorbance of the 12-min peptide in an injection of a 
trypsin digest of 1 nmol of control Met-rhGH). Methylation 
of the 11.2-min peptide also resulted in the formation of a 

Table n 

Methyl incorporation into peptides eluting before methylated 



Retention time 


Incorporation 


min 


pmol CHi/25 fd 


as 


2.9 


10.2 


0.3 


10.8 


1.6 


11.2 


117.8 


12.0 


5.4 
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Fig. 4. Reversed-phase HPLC of purified methyl- accepting 
site 1. Panel A shows the UV absorption profile obtained with 
purified site 1 (the 11.2-min peak seen in Fig. 3, middle left panel) 
Shading indicates that the 11.2-min peak is not present in a solvent 
blank run (panel D). Panel B shows the UV profile of site 1 after 
methylation with protein carboxyl methyltransferase and [ 3 H] 
AdoMet. This should be compared with the UV profile of a methyl- 
ation reaction blank (-peptide) shown in panel E, Panel C shows the 
radiolabeling profile corresponding to panel J3, whereas panel F shows 
the labeling profile corresponding to panel E; These results show that 
site 1 is stoichiometricaUy methylated since the UV peak in panel A 
is absent in panel B. The 15.7-min peak in panel B is the methylated 
form of site 1 since it is radiolabeled (panel C). Note that this peak 
has the same retention time as the labeled site 1 seen in Fig. 3 (middle 
right panel). The 13.5- min peak seen in panel B is presumed to be 
the cyclic imide form of site 1 resulting from spontaneous hydrolysis 
of the methyl ester (Johnson, and Aswad, 1985). 



UV-absorbing unlabeled peak eluting at 13.5 min (Fig 43) 
This peak is probably the cyclic imide intermediate that 
occurs during nonenzymatic demethylation of methylated 
isoaspartate (Johnson and Aswad, 1985). Imide-containhi. 
peptides generally elute between isoaspartyl peptides and 
their methyl esters under the HPLC conditions used here 
(Aswad et aL, 1987; Johnson et aL, 1987b). 

The purified methyl-accepting site 1 was subjected to acid 
hydrolysis, and its amino acid composition was determined 
using precolumn derivatization with o-phthaldialdehyde fol- 
lowed by reversed-phase HPLC (Jones et aL, 1981). The 12- 
min peak, which decreased in area upon aging (see above), 
was also subjected to amino acid composition analysis. The 
compositions of the two peptides were identical (Table III) 
and identified them as a tryptic fragment known to be pro- 
duced upon digestion of Met-rhGH (Kohr et aL, 1982). This 
fragment contains residues 128-134 of natural sequence hGH, 
and it has the sequence Leu-Glu-Asp-Gly-Ser-Pro-Arg. 
. Because Asp- 130 is the only site capable of forming isoas- 
partate in this fragment, it was concluded that the isoaspar- 
tate in site 1 was produced by isomerization of Asp-130 in the 
intact growth hormone. The identity of methyl-accepting site 
1 as Leu-Glu-isoAsp-Gly-Ser-Pro-Arg was further strength- 
ened by synthesizing this peptide and showing that it coeluted 
exactly with the 11.2-min peak present in trypsin digests of 
aged rhGH (Fig. 5). 

Isolation and Characterization of Methyl-accepting Site 2— 
The fragment of control Met-rhGH eluting at 30 min was 
decreased in size in the digest of aged Met-rhGH, and the 
digest of aged Met-rhGH contained a new peak eluting at 31 
min (Fig. 3). Methylated site 2 eluted slightly later than this 
aging-induced peptide (Fig. 3), suggesting that the 31 -min 
peak may contain the isoaspartate responsible for methylated 
site 2. In order to verify this, the three peaks (29, 30, and 31 
min) eluting prior to methylated site 2 were collected from 
the same 13-nmol injection of aged Met-rhGH trypsin digest 
which was used for characterization of site 1. Because of the 
extensive overlap between the 30- and 31 -min peaks (see Fig. 
3), they were further purified by reversed-phase HPLC using 
30 mM sodium phosphate, pH 6.5, acetonitrile solvents. Fig. 
6 shows that there were one major peptide and a number of 
minor peptides present in each of the two peaks collected 
from the trifluoroacetic acid/acetonitrile solvent system. The 
peak eluting at 29 min in the trifluoroacetic acid/acetonitrile 
solvents eluted as a single peak in the pH 6.5 solvent system 
and was therefore not purified further. 

Table HI 

Amino acid composition of methyl-accepting site 1 



Residue 


11.2-min peak 


12.0- min peak 


hGH 
(128-134)' 


Ala 


ao 


0.0 


0 


Arg 


1.0 


0.7 


1 


Asx 


1.0 


1.2 


1 


Gly 


0.9 


0.6 


1 


Glx 


1.0* 


1.0* 


1 


His 


0.1 


0.0 


0 


lie 


0.0 


0.0 


0 


Leu 


1.0 


1.2 


1 


Lys 


0.0 


0.1 


0 


Met. 


0.0 


0.0 


0 


Phe 


0.0 


0.0 


0 


Ser 


0.9 


0.8 


1 


Thr 


0.0 


0.0 


0 


Val 


0,0 


0.0 


0 



0 This peptide also contains 1 proline, which is not detected by * 
phthaldialdehyde. 

6 Values are normalized to 1.0 mol of Gbc/peptide. 
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Fig. 5. Coelution of methyl-accepting site 1 with synthetic 
Uu-Glu-isoAsp-Gly-Ser-Pro-Arg. Trypsin digests of 1 nmol of 
control or aged natural sequence rhGH, or 1 nmol of synthetic 
aspartyl or isoaspartyl versions of hGH 128-134 were injected for 
reversed-phase HPLC using trifluoroacetic acid/acetonrtrile solvents, 
m the bottom panel 1 nmol of a trypsin digest of aged rhGH was 
combined with 500 pmol of synthetic isoaspartyl hGH 128-134 to 
show exact coelution of the synthetic peptide with the aging-induced 
peptide eluting at 1 1.2 min. 

Each of the peaks observed during reversed-phase HPLC 
at pH 6.5 was collected, evaporated by centrifugation under 
vacuum, and resuspended in 150 fil of water. Samples of 25 fd 
were then assayed for methyl-accepting capacity. The most 
abundant peptide in the 31-min trifluoroacetic acid/acetoni- 
frile HPLC peak (peptide 31-b) contained the majority of the 
isoaspartyl methyl-accepting sites (Table IV), making it a 
good candidate for methyl-accepting site 2. The other minor 
aethyl-acceptingpeptides that were separated from the major 
substrate by reversed-phase HPLC at pH 6.5 (Table IV) may 
^present isoaspartyl peptides responsible for the two minor 
Peaks of methylation eluting adjacent to site 2 (Fig. 3). 

When purified isoaspartyl peptide 31-b was methylated 
*tth protein carboxyl methyltransferase and AdoMet and 
«wsn injected for reversed-phase HPLC using trifluoroacetic 
a cid/acetonitrile solvents, the methyl ester eluted with exactly 
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FIG. 6. Reversed-phase HPLC using a pH 6.5 solvent sys- 
tem for purification of methyl-accepting site 2. Tryptic frag- 
ments of aged Met-rhGH eluting at 30 and 31 min during reversed- 
phase HPLC in the trifluoroacetic acid/acetonitrile solvent system 
(see Fig. 3) were collected and subjected to reversed-phase HPLC by 
the same gradient but using 30 mM sodium phosphate, pH 6.5, as 
solvent A and acetonitrile as solvent B. The letters over the peaks 
signify peptides that were collected and assayed for methyl-accepting 
capacity. 

Table IV 

Methyl incorporation into peptides eluting before methylated 
site 2 in aged Met-rhGH 



Peptide 


Incorporation 




pmol CHj/25 fd 


29 


17.5 


30-a 


2.0 


30-b 


0.7 


30-c J 


8.0 


30-d 


2.9 


30-e 


5.5 


30-f 


2.4 


30-g 


3.7 


31-a 


14.2 


31-b 


119.5 


31-c 


20.3 


31-d 


3.7 


31-e 


4.0 



the same retention time as methylated site 2 (compare Fig. 7 
with Fig. 3). The methylated product contained 0.67 mol of 
CHa/mol of peptide, suggesting a single methyl-accepting site 
(the amount of peptide was calculated from, the absorbance 
of the methylated peptide at 214 nm relative to the absorbance 
of the 30-min peptide in an injection of a trypsin digest of 1 
nmol of control Met-rhGH). Methylation of isoaspartyl pep- 
tide 31-b also resulted in the formation of an unlabeled peak 
eluting at 31 min (Fig. 75). This peak is probably the cyclic 
imide intermediate produced during the demethylation of 
methylated site 2. A comparison of peaks A and B in Fig. 7 
indicates that methylation of 31-b was not stoichiometric. We 
believe that the residual material seen at 31 min in band B is 
the result of an asparagine to aspartate conversion at succin- 
imide-prone asparagine sites (Bornstein and Bali an, 1977; 
Blodgett et aL, 1985). Indeed, Edman degradation of peptide 
31-b (discussed later) indicates that about 20-302& of 31-b 
contains a normal aspartic acid at position 149. 
In order to identify peptides 31-b and 30-d, they were 
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Fig. 7. Reversed-phase HPLC of purified methyl-accepting 
site 2. Panel A shows the absorbance profile at 214 

Tim which was 

obtained upon trifluoroacetic acid/acetonitrile reversed-phase HPLC 
of the purified tryptic firagment containing methyl-accepting site 2. 
The HPLC conditions are the same as used in Fig. 3. Panel B shows 
the absorbance profile obtained when this fragment was first meth- 
ylated with protein carboxyl methyltransf erase and [*H]AdoMet 
Panel C shows the radioactivity profile obtained when 0.5-ml fractions 
were collected during the run shown in panel B and then subjected to 
liquid scintillation counting. The UV-absorbingpeak eluting between 
32.5 and 33.5 min contains radioactivity, indicating that it contains 
the methyl ester of methyl-accepting site 2. The unlabeled material 
eluting at 32 min in panel B is presumably the cyclic imide that would 
be generated upon hydrolysis of the methyl ester (Johnson and Aswad, 
1985). A blank methylation reaction that lacked peptide substrate 
gave no peak of radioactivity in the region shown here (not shown). 

Table V 

Amino acid composition of methyUaccepting site 2 



Residue 30-mia peak 31- min peak 



hGH (146-158) 



Ala 


0.8 


0.9 


1 


Arg 


0.1 


0.0 


0 


Asx 


4.7 


4.7 


5 


Gly 


0.0 


0.0 


0 


Glx 


0.0 


0.1 


0 


His 


0.7 


0.7 


1 


lie 


0.0 


0.0 


0 


Leu 


2.3 


2.1 


2 


Lys 


0.3 


0.3 


1 


Met 


0.0 


0.0 


0 


Phe 


1.2 


1.2 


1 


Ser 


0.7 


0.7 


1 


Thr 


1.0° 


1.0° 


1 


Val 


0.0 


0.0 


0 



a Values are nonnalizedto 1.0 threonine/peptide. 

subjected to reversed-phase HPLC using trifluoroacetic acid/ 
acetonitrile solvents, dried, and then subjected to 24-h hy- 
drolysis in 6 N HC1 at 110 °C in preparation for amino acid 
composition analysis. Table V shows that the compositions 
of isoaspartyl peptide 31-b and peptide 30-d were identical 



and identifies the fragments as residues 146-158 of natural 
sequence hGH, which has the sequence Phe-Asp-Thr-Asn- 
Ser-His-Asn-Asp-Asp-Ala-Leu-Leu-Lys. This tryptic. frag, 
ment has been observed previously upon digestion of Met 
rhGH (KohretoZ., 1982). 

There are 2 asparagines and 3 aspartates present in the 
146-158 fragment, and therefore the position of the isoaspar- 
tyl linkage was not obvious from simply identifying the pep- 
tide. The relative elution positions of isoaspartyl peptide 31. 
b and peptide 30-d in both the pH 6.5 and trifluoroacetic acid/ 
acetonitrile solvent systems were consistent with the identity 
of isoaspartyl peptide 31-b as a deamidated version of peptide 
30-d Because the side chain carboxylic acid of isoaspartate 
bears a negative charge at pH 6.5, it should be less hydropho- 
bic than the side chain amide of asparagine. A peptide con- 
taining isoaspartate in place of asparagine should therefore 
elute earlier upon reversed-phase HPLC at this pH. Indeed, 
in the pH 6.5 solvent system, isoaspartyl peptide 31-b eluted 
earlier than peptide 30-d (Fig. 6). During trifluoroacetic acid/ 
acetonitrile reversed-phase HPLC performed on the column 
used in these experiments, synthetic isoaspartyl peptides ehite 
slightly later than the corresponding asparaginyl peptides 
(Johnson et aL, 1987b), and isoaspartyl peptide 31-b eluted 
later than peptide 30-d (Pig. 3). 

In order to establish further the possibility that isoaspartyl 
peptide 31-b was a deamidated form of peptide 30-d and to 
determine the number of deamidation sites, peptides 31-b and 
30-d were subjected to fast atom bombardment v***$ spec- 
trometry. Deamidation of a single asparagine residue should 
result in an increase of 1 atomic mass unit, because NH 2 , 
which has a monoisotopic mass of 16, becomes replaced with 
OH, which has a mass of 17. The mass expected for the 146- 
158 peptide is 1489.69 atomic mass units. The positive ion 
spectra in the molecular ion region for peptide 30-d and 
isoaspartyl peptide 31-b are shown in Fig. 8. The most abun- 
dant ion that was observed for peptide 30-d in the region 
1470-1520 m/z was 1490.2. The peptide 31-b, the most prom- 
inent ion was 1491.2 m/z. These results suggest that isoas- 
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Fig. 8. Mass spectrum of native and isoaspartyl versions °t 
the 146-158 tryptic fragment from aged Met-rhGH. 
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partyl peptide 31-b is a monodeamidated version of the 146- 
153 peptide. 

The location of the deamidated asparagine was detected by 
automated Edman degradation. Fig. 9 shows the yields of 
phenylalanine, aspartic acid, threonine, and asparagine 
through all 13 sequencing cycles with both peptides. In peptide 
31-b, no significant asparagine was detected at position 149 
(cycle 4), but considerable asparagine was detected at position 
152 (cycle 7). The lower relative yield of Asn-152 in peptide 
31-b relative to peptide 30-d is expected if one assumes that 
deamidation of Asn-149 results in a mixture of 75-80% isoas- 
partate and 20-25% aspartate as suggested earlier in Fig. 7. 
Edman sequencing fails at isoaspartate (Smyth et aL t 1962) 
but will continue for that portion of the peptide in the aspartyl 
form. Indeed, the average yields of amino acids in positions 
150-158 in peptide 31-b were approximately one-fourth of the 
wrresponding yields obtained with 30-d (data not shown). 
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Peptide 30-d 




1.0- 
0.8- 
0.6- 
0.4- 

0.2 H 



Peptide 31-b 



FOTNS HNDOA LLK 



FDT NSHNDOALLK 



OA 
0.3 
02 
0.1 
0.0 



Asp 



[■^■■lllll,., 



FDTNSHNOOAILK 



05- 

0.4- 

OJ 

02 

0.1 

OjO 



I 



OS 
0.4- 

0-3 
0.2 
0.1 
0.0 

k5 

0.4- 

0.3- 

0£ 

0.1 

0,0 



Asp 



FOTNSHNODAUK 



Thf 



FOTNS HNODALIK 



FOTMSHNODA LLK 



Q.S- 
0.4- 
OJ 

0.2 
0.1 



Aan 



0.4 

0.3 

0.2- 

0.1 

0.0 



Asn 



FDTNSHNDDALLK 



-Mm*** 



FDT NSHNDOA L UK 



FlG. 9. Automated Edman degradation of the 146-158 
*njptic peptides from native (30-d) and aged (31-b) Met- 
?7 7116 «b«s8a shows the sequence cycle indicated by the single 
letter code for the residue expected in the native peptide. The ordinate 
shows the yield normalized to Phe « 1 at the first cycle for both 
Peptides. For simplicity, only plots of phenylalanine, aspartic acid, 
threonine, and asparagine are shown. 



Most importantly, there was no additional drop in relative 
yield associated with positions 153/154, suggesting the ab- 
sence of any significant isomerization at these two aspartates 
Taken together, the HPLC patterns (Fig. 7), mass spectros- 
copy data,, and the sequencing results are consistent with the 
hypothesis that site 2 has a single major methylation site 
associated with the formation of isoaspartate arising via 
deamidation of Asn-149. 

A previous study reported that the major site of asparagine 
deamidation in hGH was Asn-152 (Lewis et a/., 1981) The 
same study suggested that deamidation of Asn-152 prevented 
cleavage by subtilisin of the Asn-Ser bond at positions 149- 
150 (Lewis et aL, 1981). Our results suggest another explana- 
tion for the altered cleavage of the deamidated hGH: the 
presence of an isoaspartyl linkage between Asn-149 and Ser- 
150. The failure of most proteases to cleave isoaspartyl bonds 
is well documented (Dorer et aL y 1968; Pisano et aL, 1960; 
Haley et aL, 1966; Haley and Corcoran, 1967; Murray and 
Clarke, 1984). Our incubations of rhGH at pH 7.4, 37 *C, 
caused deamidation and isoaspartate formation at Asn-149 
but apparently little deamidation of Asn-152. The conditions 
used in the previous study (Lewis et aL, 1981) were somewhat 
more extreme, employing a pH of 8.3, and they may have 
resulted in the deamidation of both asparagines with subse- 
quent isoaspartyl bond formation. During the preparation of 
this manuscript, a report was published by Becker et aL (1988) 
that incubation of rhGH at 37 'C, pH 9, for 72 h resulted in 
a major site of deamidation at Asn-149 with a minor site at 
Asn-152. This is consistent with our findings. The additional 
deamidation observed at the Asn-152 is, again, likely due to 
the higher pH of incubation used by this latter group. 

Influence of Growth Hormone Structure on the Rate of 
Isoaspartate Formation at Asp-130 and Asn-149— Asn-149 is 
followed by serine, a sequence that has been shown previously 
to form isoaspartate in studies on mouse epidermal growth 
factor (DiAugustine et aL f 1987). However, there is another 
Asn-Ser sequence in rhGH, positions 99-100, which did not 
appear to form isoaspartate during aging, suggesting that the 
structure of the intact rhGH molecule significantly influences 
the rate of isoaspartate formation. Differential degrees of 
deamidation of asparagine in Asn-Ser sequences have also 
been observed for trypsin (Kossiakoff, 1988) and were ex- 
plained by the differing bond angles that control access of the 
a-nitrogen of the serine residue to the jS-carbonyl of the 
asparagine and therefore dictate the ease of cyclic imide 
formation. 

Although the crystal structure of hGH has not been deter- 
mined, a moderate resolution crystal structure has been ob- 
tained for porcine growth hormone, and the extensive se- 
quence homology between the two hormones allows compar- 
isons to be made (Abdel-Meguid et aL, 1987). In the porcine 
hormone, the stretch of amino acids spanning positions 128- 
151 is remarkable for its lack of well defined structure (Abdel- 
Meguid et aL, 1987). Hence, there may be considerable free- 
dom of rotation around the peptide backbone in this region, 
and imide formation may occur easily. This may explain the 
susceptibility of Asp-130 and Asn-149 to isoaspartate forma- 
tion. The site in porcine growth hormone corresponding to 
the Asn-Ser sequence at positions 99-100 in rhGH lies in a 
short fold between two of the four helices in the molecule 
.(Abdel-Meguid et aL, 1987). This region of the molecule might 
be expected to be more constrained in its movement, thus 
preventing imide formation. 

We were interested in determining the effect' of rhGH 
structure on the amount of isoaspartate formation at Asp-130 
and Asn-149. We therefore aged synthetic peptides corre- 
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FlG. 10. Rates of isoaspartate formation at sites 1 and 2 in 
Met-rhGH compared with the rates of isoaspartate formation 
in the synthetic peptides corresponding to these sites. The 
ordinate indicates the rate as the number of isoaspartates arising per 
hundred molecules of hormone or peptide after a 14-day incubation 
at37*C,pH7.4. 

sponding to the native 128-134 and 146-158 tryptic fragments 
under the same conditions that had been used for intact rhGH. 
Isomerization and deamidation to isoaspartate were evaluated 
by reversed-phase HPLC in trifluoroacetic acid/acetonitrile 
solvents. When the synthetic 128-134 peptide was aged for 
14 days at pH 7.4 and 37 °C, 16% of the material shifted from 
12 to 11.2 min, the elution position of the isoaspartyl peptide. 
In intact 14-day, pH 7.4, 37 °C aged Met-rhGH, 14% of the 
128-134 fragment was present as the isoaspartyl 11.2-min 
peak (Fig. 5). Therefore, the isomerization of Asp- 130 oc- 
curred only slightly faster in the small* peptide' than in the 
intact rhGH molecule. These extents of degradation corre- 
spond to estimated half-lives of 55.6 and 64.3 days for Asp- 
130 in the synthetic peptide and the intact hormone, respec- 
tively. It is interesting to compare these numbers with the 
data of Geiger and Clarke (1987) who found that a peptide 
with the sequence Val-Tyr-Pro-Asp-Gly-Ala, Le. with a sim- 
ilar Asp-Gly bond, exhibited a half-life of 53 days when aged 
in vitro at the same pH and temperature. It appears that the 
Asp-Gly sequence has an inherent half-life of about 53-56 
days and that Asp- 130 in the intact hormone is in a domain 
that has a conformational flexibility similar to that of a short 
synthetic peptide. 

When the synthetic 146*158 peptide was aged for the same 
period of time under the same conditions, 47% of the material 
shifted to 31 min, the position of the isoaspartyl peptide. In 
aged Met-rhGH, 36% of the 146-158 peptide was present in 
the 31-rnin isoaspartate-containing peptide (Fig. 3). Thus, the 
rate of deamidation of this peptide was about 50% faster than 
deamidation in the intact molecule. These results are sum- 
marized in Fig. 10. It appears, in this instance at least, that 
protein structure has an effect on the rate of isoaspartate 
formation, and the sites that will produce isoaspartate in an 
intact protein cannot be predicted on the basis of amino acid 
sequence alone. Bond angles in structured domains of proteins 
tend to form a large barrier to cyclic imide formation (Clarke, 
1987; Kossiakor£ 1988). It is therefore likely that most isoas- 
partate formation occurs in relatively unstructured domains 
of intact proteins or in domains susceptible to transient 
unfolding, so that sequence considerations can come into play. 
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A new purification scheme for both prolactin and 
growth hormone from bovine pituitaries has been de- 
veloped which avoids the use of potentially damaging 
solution conditions. Both hormones were greater than 
95% pure as judged by sodium dodecyl sulfate- polya- 
crylamide gel electrophoresis, and had specific activi- 
ties similar to or greater than standard samples of the 
same hormone as judged by several bioassays. 

Small single crystals of bovine growth hormone were 
obtained by vapor diffusion techniques. Examination 
of these crystals by x-ray diffraction, using the Cornell 
High Energy Synchrotron Source, showed that they 
were well ordered, and exhibited diffraction to 2. 8- A 
resolution on still photographs. Precession and oscil- 
lation photographs showed that they belonged to the 
orthorhombic space group P2,2i2i (or P2 t 2i2) with 
unit cell dimensions a = 219 A, b = 51.9 A, c = 68.9 A. 
The density of the crystals was 1.19 ± 0.02 g/ml from 
which the presence of eight 45,000-dalton dimers/unit 
cell was deduced. The protein content of the crystals 
was shown by isoelectric focusing to be identical to 
that of purified growth hormone in solution. These 
crystals appear suitable for use in the x-ray structure 
determination of bovine growth hormone to at least 
3. 2- A resolution. 



The two most widely studied hormones from the mamma- 
lian anterior pituitary are growth hormone and prolactin. 
These hormones have molecular weights in the range of 
2Z0O0^23;0OO and share considerable sequence homology. 
Growth hormone, also known as somatotropin, is involved in 
the regulation of growth and metabolism. Prolactin plays a 
prominent role in the control of lactation. 

The determination of the three-dimensional structure of 
either growth hormone or prolactin would be an important 
step in understanding the molecular basis of hormone action. 
Preparations of these hormones from bovine pituitaries have 
been available for almost four decades (1-3). Yet, despite the 
efforts of several crystallographic groups, neither hormone 

* This work was supported by National Institutes of Health Grants 
GM-29044 (to K. M.) and CA-30388 (to D. W. G.). The CHESS 
laboratory is supported by National Science Foundation Grant 
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article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement" in accord- 
ance with 18 U.S.C. Section 1734 solely to indicate this fact. 

§ Recipient of National Institutes of Health Career Development 
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(nor the corresponding hormones from any other species) has 
been obtained in a crystalline form which could be analyzed 
by x-ray diffraction techniques. 

Recent advances have lead to an increased interest in 
structural studies of these hormones. Growth hormone may 
have important agricultural applications as an adjuvant to 
increased productivity in dairy and beef cattle (Refs. 4, 5, and 
references therein). A similar role for prolactin is possible. 
Furthermore, the molecular cloning of bovine growth hor- 
mone (6) and prolactin (7) provides the means for large-scale 
commercial production of these hormones. Because of all the 
above considerations, we decided to re-investigate the crys- 
tallization of these hormones. 

The crystallization of a protein is often highly dependent 
on the purity and the method of preparation of the protein 
sample (8, 9). The available purification procedures for bovine 
growth hormone and prolactin (Table I) yield protein which 
was usually described as being highly purified, although in 
most cases quantitative evidence by which to judge this purity 
is lacking. Re-examination of samples from some of these 
preparations by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and isoelectric focusing convinced us that 
previous failures in crystallization attempts may have arisen 
due to inadequate purity of the preparations. 

We sought to minimize microheterogeneity in our protein 
preparation, that is, the presence of several similar but chem- 
ically or structurally distinct forms of a protein. Such micro- 
heterogeneity may arise naturally if, for example, multiple 
alleles code for proteins of slightly different sequence. How- 
ever, it often arises from proteolysis, deamidation, oxidation, 
or partial denaturation occurring during lengthy purification 
procedures. Deamidation is especially likely in alkaline solu- 
tions. Very high or low pH, detergents, and organic solvents 
can promote protein denaturation. Most existing procedures 
(Table I) employ some steps which favor the formation of 
modified protein forms. Our successful crystallization of the 
closely related polypeptide hormone, human chorionic soma- 
tomammotropin (10), was dependent on the development of 
a new purification procedure which avoided the use of such 
potentially damaging conditions. Therefore, we have devised 
a new, simple method of preparing both hormones which 
avoids the use of organic solvents and extremes of pH, and 
which produces pure protein in good yield. This approach has, 
for the first time, permitted the growth and characterization 
by x-ray diffraction techniques of crystals of bovine growth 
hormone. 
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Crystalline Bovine Growth Hormone 
Table I 

Bovine prolactin and growth Hormone preparations 



Investigator? 



Reference 



Solubilization procedure 
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Average yield 



Prolactin 



Growth hormone 



Jiang and Wilhelmi 
Reichert 
Kwa e t ai 
Bell et ai 



Wilhelmi et ai 
Li 

Dellacha and Sonenberg 
Kwa et at. 

Wallis and Dixon 



Reichert 
Secchi et ai 

Bel! et ai 



12 75% Ethanol, 150 mM NnOH. 3 h. 4 *C* 

13 75% Ethanoi, pH 10.5, 10 h, 4 *C* 

14 1 % Deoxycholate, pH 8.4. 20 h, 4 *C 
This work 1 mM EGTA, 10 mM NH 4 HC0 3 . pH 8.0, 

40 min, 37 *C • ^ . 

3 Ca(OH> 2 , pH 11.5, 24 h, 4 'C fc. 

1 1 Ca(OH) 2 . pH 10.5, 1 h, 4 # C, freeze-thaw 

15 Ca(OH) 2 , pH 11.5, 24 h, 4 *C 

14 0.1 M Sodium phosphate, pH 5.5, 16 h, 

4 *C, twice 

16 Freeze-thaw, 25 mM NaCl, 6.5 mM 

Na 2 B 4 0,, pH 8.7, 3 h, 0 *C 
13 250 mM (NH^O,, pH 5.5, 16 h, 4 'C 

17 250 mM (NH4)jS0 4 , pH 5.5, overnight, 

4*C" 

This work 1 mM EGTA, 10 mM NH4HCO3, pH 8.0, 
40 min, 37 *C 



mn/n whole 
pituitar\' 

0.8 
1.5 
2.0 
0.7 



1.6* 
2.0 
0.6* 
4.0 

1.9 6 

1.0 
1.1 

1.0 



* Extraction conditions for given hormone, after previous extractions according to Ellis (18). 

* Yield was originally reported on the basis of weight of anterior pituitary tissue used. A conversion factor of 
0.54 g of anterior tissue/g of whole pituitaries was applied. 



EXPERIMENTAL PROCEDURES 1 



RESULTS AND DISCUSSION 

Through our new purification procedure we have obtained 
bovine prolactin and growth hormone purer than the rnost 
commonly used preparations. Fig. 1 and Table II compare the 
purity of our preparation with some other standard sources 
of these hormones. In common with other preparations of 
bovine growth hormone (19), our preparation contains two 
forms with different isoelectric points (Fig. 1, lanes e-/i). This 
charge heterogeneity has been attributed to the presence or 
absence of an alanine residue as the NH 2 -terminal amino acid 
(20). 

The biological activity of our growth hormone was com- 
pared with that of a standard sample of bovine growth hor- 
mone from the National Institutes of Arthritis, Diabetes, and 
Digestive and Kidney Disease in the stimulation of colony 
formation by Friend virus-infected erythroleukemia cells (21) 
and the potentiation of erythropoietin -stimulated erythropo- 
iesis of cultured murine bone marrow cells (22, 23). The 
maximum response observed for all samples in both assays 
occurred at a growth hormone concentration of 250 ng/ml 
(Fig. 2). The maximum response from our purest sample was 
40-50% higher in these two assays than that of the standard 
hormone sample. This result might be attributed to the dif- 
ference in purity between the two samples (Table II). How- 
ever, impurities in the standard sample might also actively 
attenuate the response to growth hormone in this assay. At 
most concentrations, our less pure sample (DEAE-cellulose) 
also produced a larger response than the standard. 

The dose response observed with bovine growth hormone 
in the erythroleukemia cell line (Fig. 2a) was similar to that 




' Portions of this paper (including "Experimental Procedures," 
parts of "Results and Discussion," Figs. 4 and 5, and Table III) are 
presented in miniprint at the end of this paper. Miniprint is easily 
read with the aid of a standard magnifying glass. Full size photocopies 
are available from the Journal of Biological Chemistry, 9650 Rockville 
Pike. Bethesda. MD 20814. Request Document No. 84M-3920; cite 
the authors, and include a check or money order for S3.20 per set of 
photocopies. Full size photocopies are also included in the microfilm 
edition of the Journal that is available from Waverly Press. 



abed e f g h 

Fig. 1. Isoelectric focusing gel of samples from various 
growth hormone and prolactin preparations. The samples ana- 
lyzed were; lane a, bovine prolactin after preparative electrophoresis; 
lane 6, bovi ne prol actin after DEAE-cellulose column; lane c, bovine 
~pTOlacttfrol5tained"from the National Institutes ol Arthritis, Diabetes, 
and Digestive and Kidney Disease, Lot NIH-P-B4 (13); laned, ovine 
prolactin, gift from Dr. C. H. Li (29); lane e, bovine growth hormone 
after CM -cellulose column; lane f, bovine growth hormone after 
DEAE-cellulose column; lane g, bovine growth hormone obtained 
from Lot NIH-GH?B18 (13); lane /i, bovine growth hormone, gift 
from Dr. C. H. Li (11). Each lane contained a total of 10 pg of protein. 
The approximate pH at the edge of the gel is shown. 

previously observed with human growth hormone (21). The 
dose response observed for the murine bone marrow cell 
culture (Fig. 26) was similar to that previously observed except 
that previously the maximum potentiation of erythropoiesis 
occurred at a bovine growth hormone concentration of 100 
ng/ml (23). 

We have succeeded in growing single crystals of bovine 
growth hormone from our purest material. Under most con- 
ditions investigated thus far bovine growth hormone has 
shown a tendency to form polycrystalline aggregates (twins). 
Nevertheless, under a narrow range of conditions single crys- 
tals of growth hormone suitable for x-ray analysis were ob- 
tained. The best crystals were grown by the hanging-drop 
vapor diffusion method (8) from growth hormone solutions 
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Table II' 




Purity of bovine hormone samples 






Source 


% Purity* 


Growth hormone 


This preparation 






DEAE-cellulose 


80 




CM -cellulose 


>95 




Lot NIH-GH-B18 


65 


Prolactin 


This preparation 






DEAE-cellulose 


76 




Prep-disc 


>95 




Lot NIH-P-B4 


72 



• Purity was determined as the per cent of total dye binding in that 
lane that was measured in the main protein band on a sodium dodecyl 
sulfate-polyacrylamide gel. Gels were heavily loaded with between 4 
and 10 m£ of protein in order to best detect impurities. Values are the 
mean of four determinations. Standard deviation was leas than ± 4. 




EbGKL ng/ml 

Fig. 2. The effects of bovine growth hormone on colony 
formation by Friend virus-infected erythroleukemia cells 
(panel c) and on erythroid colony formation in cultured mouse 
bone marrow cells {panel 6). The results are plotted as a per cent 
of control values without added growth hormone. Dose-response 
curves are shown for bovine growth hormone: from DEAE-cellulose 
(□); from CM-celtulose (■); from Lot NIH-GH-B18 (O, Ref. 13). 

with a protein concentration of 2.5-4.8 mg/rnl. The hanging- 
drop contained an initial concentration of 5 or 10 mM potas- 
sium TAPS 2 buffer at pH values between 7.6 and 7.8. It was 
equiUbrated"aX2 : 3r*C against the same buffer at lOCTmM plus 
1-3% ethanol. Crystal growth was aided by seeding with 
crushed crystals which had been originally grown under sim- 
ilar conditions without seeding. Crystallization occurred over 
the period of 1 month. Very small needle-like crystals were 
observed before the formation of rectangular, thin plates. 

Fig. 3a shows a photomicrograph of bovine growth hormone 
crystals with the plate habit. The largest crystals had dimen- 
sions of approximately 250 x 120 x 10 pm and a volume of 3 
x 10 5 jtm 3 . The crystal that produced the diffraction pattern 
shown in Fig. 36 was a more typical size. Its dimensions were 
120 x 120 x 15 and its volume was 2.2 x 10 6 ntn*. Analysis 
of these crystals using high-intensity x-rays at the Cornell 
High Energy Synchrotron Source,* CHESS, required expo- 
sures of approximately 30 min for screened precession pho- 
tographs or 15 min for still and oscillation photographs. Only 



2 The abbreviations used are: TAPS, 3-|[2-hydroxy-l,l-bis- 
(hydroxymethyl)ethyl]-arainoj-l-propanesulfonic acid; EGTA, eth- 
ylene glycol ots(0-aminoethyl etherJ-AUV^'^N'-tetraacetic acid; 
SDS, sodium dodecyl sulfate. 



one photograph could be obtained from each crystal. The 
crystals were found to be single, and diffracted on still pho- 
tographs to a resolution of at least 2.8 A and on 2 # oscillation 
photographs to a resolution of 3.2 A. Screened precession (Fig. 
36) and oscillation photographs showed that the crystals 
belonged to an orthorhombic space group with cell dimensions 
a - 219, 6 « 51.9, c « 68.9 A. The hkO zone (Fig. 3b) shows 
systematic absences of the form h = 2n along a* and k = 2n 
along b*; other photographs show 1 = 2n along c* f to at least 
10-A resolution. We deduce that the space group is P2,2i2, 
(or possibly P2,2,2 at higher resolution). gThese are the most 
weakly diffracting single crystals of any*compound (macro- 
molecule, small organic or inorganic molecule) to have been 
successfully examined by x-ray diffraction techniques. 3 

These crystals have two unusual features: the long cell 
dimension along a (Fig. 36) and the large volume of the unit 
cell (V = 7.83 x 10* A s ). Measurement at 4 °C using a 
discontinuous Ficoli gradient (24) established the crystal den- 
sity as 1.19 ± 0.02 g/ml. This crystal density is consistent 
with the presence in the asymmetric unit of two of the 
noncovalent hormone aimers found in solution (16, 19). Thus 
the asymmetric unit may be said to contain a dimer of 
honnone dimers. Solvent volume of 43% of the total crystal 
volume and a volume/unit molecular mass ratio of 2.22 A 3 / 
dalton can be calculated using a partial specific volume of 
0.76 ml/g (25). These crystal packing parameters are very 
close to the average values found for protein crystals (26). 

The large volume of the unit cell is a disadvantage of this 
crystal form because a larger number of x-ray reflections must 
be measured for structure determination. However, the non- 
crystallographic symmetry present with two dimers/asym- 
metric unit may prove to be a major advantage in phase 
determination (27). 

As demonstrated by isoelectric focusing, crystals of bovine 
growth hormone contain intact growth honnone. Both isoe- 
lectrically distinct forms are present in the crystals in ap- 
proximately the same ratio as they are present in the purified 
preparation (Fig. 3c). 

These crystals are suitable for further structural work lead- 
ing to the determination of the structure of bovine growth 
hormone to at least 3.2-A resolution. 

Under conditions which vary only slightly from the range 
described above, polycrystalline aggregates of needle-like crys- 
tals were observed. Some preliminary characterization of 
these crystals was attempted. Fig. 3d shows an electron mi- 
crograph of a thin section of these crystals cut perpendicular 
to their long axis. Assessment of this and other micrographs 
by optical diffraction suggested an orthorhombic space group. 
These measurements, together with x-ray diffraction powder 
patterns of these crystals, were consistent with the space 
group and unit cell parameters given above for single plate- 
like crystals (data not shown). However, the possible presence 
of other crystal forms could not be excluded. 

Attempts to crystallize bovine growth hormone obtained 
from the National Institutes of Arthritis, Diabetes, and Diges- 
tive and Kidney Diseases (Lot B18) were unsuccessful. How- 
ever, the solubility properties of this growth hormone differ 
from those of our preparation, and different crystallization 
conditions may be appropriate for this material. 

Our description of crystalline bovine growth hormone is the 
first well substantiated report of a crystalline growth hor- 
mone. In 1948 crystal -like objects were described in two 
preparations of bovine growth honnone (3, 28). The ethanol- 
precipitated material from these preparations was reported to 

s K. Moffat, D. Bilderback, and W. Schildkamp, unpublished re- 
sults. 
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FiG. 3. Properties of crystals. Panel a, photomicrograph of crystalline bovine growth hormone. The line 
represents 200 jim. Panel b, 10* screened precession photograph of hkO zone of bovine growth hormone. Close 
spacing of reflections along o* are equivalent to 1/219 A"^. Resolution at the edge of the photograph is 5 A. Crystal 
to film distance was 75 mm. X-ray wavelength was 1.57 A. Panel c, isoelectric focusing pel of dissolved crystals of 
bovine growth hormone {left) and the stock protein solution used for crystallization {right). The pH gradient was 
similar to that shown in Fig. 1. Each lane contained approximately 5 ng of protein. The crystals from a precipitate- 
free droplet were washed by removing the solution from around the crystals and replacing it with 20 >1 of 100 mM 
KTAPS buffer, pH 7.9, containing 10% polyethylene glycol 6000. This procedure was repeated five times before 
the crystals were dissolved in 20 m1 of 10 mM ammonium acetate, pH 5.5. Panel d, electron micrograph of bovine 
growth hormone crystals. The line represents 200 nm. 



have biological activity; however, the identity of the crystal- 
like objects was not directly investigated. We have not suc- 
ceeded in obtaining crystals under the same conditions of pH 
and ethanol concentration as previously reported (3, 28). 
However, our crystallization conditions are not very dissimilar 
rom, anoVour results may be re la t ed to . these~previous reportsr 
Experiments to crystallize bovine prolactin have not yet 
been successful but further experiments are planned. 

Acknowledgments— We thank Noelle Bersch. Jim Wenban, Theo- 
dore Kahn. and Sheri Wischuscn for technical help: M argot Szolay 
and Dr. Christopher Akey for electron microscopy; Dr. Robert E. 
Hunt for help with x-ray diffraction experiments; Ellen Patterson for 
manuscript preparation: and Drs. Akey and Hunt for helpful discus- 
sion. We thank Dr. C. H. Li for providing samples of bovine growth 
hormone and ovine prolactin, and Drs. R. L. Noble, C. T. Beer, and 
P. W. Gout for providing the Nb2 rat lymphoma cell line. We also 
thank Owasco Meat Co., Moravia, NY, for providing pit ui tart' glands 
used in preliminary experiments. 

REFERENCES . 

1. Li, C. H.. Simpson. M. E.. and Evans, H. M. (1942) J. Biol. Chem. 146. 

627-631 

2. Li, C. H., and Evans. H. M. (1944) Science 99. 183-184 

3. Wilhelmi. A. E.. Fishman. J. B„ and Russell. J. A. (1948) J. Biol. Chem. 

1 76, 735-745 

4. Bauman. D. E. t and McCutch*on, S. N. (1985) in Proceedings of VI 

International Symposium on Ruminant Physiology: Control of Digestion 
and Metabolism in Ruminants (Milligan,* L. T., Grovura, W. L., and 
Dobson. A., eds) Chapter 23, Rieston Publishing Co.. Rieston, Virginia 

5. ftauman. D. E.. McCutcheon, S. N.. Steinhour, W. D., Eppard, P. J., and 

Set-hen. S. .1. (19851 J. Amm. Sci 60, 583-592 



6. Miller, W. L., Martial. J. A., and Baxter, J. D (1980) </. Biol. Chem. 255. 

7521-7524 

7. Miller, W. L, Coit, D„ Baxter. J. D., and Martial. J. A. im\\ DNA 1. 37- 

50 

8. McPherson, A. (1982) Preparation and Analysis of Protein Crystals, pp. 82 

127, John Wile>* and Sons, New York 

9. Bott, R. R.. Navia, M. A., and Smith, J. L. (1982) J. Biol Chem. 257, 

9883-9886 .. _ 

"TO. Hunt, R E., MoffaOC., andGolde, DrWrfTSSl )VrHiotCHem. 2567704 2-~~ 
7045 

11. Li, C H. (1954) J. Biol. Chem. 21 1, 555-558 

12. Jiang, N.. and Wilhelmi, A. E. (1965) Endocrinology 77. 150-154 

13. Reichert, L. E., Jr. (1975) Methods in Enzymol. 75, 360-380 

14. Kwa, R G„ van der Bent, E. M., Feltltamp, C. A., Riimkc, P-h.. and 

Bloemendai, H. (1965) Biochim. Biophvs. Acta 111, 447-465 

15. Dellacha, J. M., and Sonenberg. M. (1964) J. BioL Chem. 239. 1515-1520 

16. Wailis. M. f and Dixon, H. B. F. (1966) Biochem. J. 100, 593-599 

17. Seccbi, C, Bcrrini, A.. Signorelli, V., and Biondi, P. A. (1981) lial. J. 

Biochem. {Engl Ed. ) 30 , 1 1 7- 1 26 

18. Ellis. S. (1961) Endocrinology 69, 554-563 

19. Wallis. M. (1978) in Chemistry and Biochemistry' of Amino Acids, Peptides 

and Proteins (Weinstein. B., ed) pp. 213-320, Marcel Dckker Inc., New 
York 

20. Ellis, S., Lorenson, M., Grindeland, R. E.. and Callahan, P. X. (1972) in 

Growth and Growth Hormone (Pecile. A., and Muller, F. E., eds) pp. 55- 
70, Ercerpta Medica, Amsterdam 

21. Goldc, D. W., Bersch, N., and Li, C. H. (19781 Proc. Natl. Acad. Sci. U S. 

A. 75.3437-3439 

22. Bersch, N. t Groopman, J. E., and Golde, D. W. (1982) J. Clin. Endocrinol. 

Metab. 55, 1209-1211 

23. Goldc, D. W., Bersch, N..and Li, C. H. (1977) Science 196. 1112-1113 

24. Westbrook, E. M. (1976) J. MoL Biol. 103. 659-664 

25. Li, C. H. (1947) J. Phvs. Coll Chem. 51, 218-228 

26. Matthews, B. W. (1963) J. Mol. Biol. 33. 491-497 

27. Blundell, T. L.. and Johnson, L. N. (1976) Protein Crystalfaf'raphy, pp. 

441-464, Academic Press, New York 

28. Li. C. H., Evans, H. M., arid Simpson, M. E. (1948) Science 108, 624-625 

29. Cole. R. D., and Li, C. H. (1955) J. BioL Chem. 213, 197-201 

30. Vonderhaar, B. K. (1975) Biochem. Biophys. Res. Common. 67. 1219-1225 

31. Bhattacharjee. M., and Vonderhaar. B. K. (1983) Biochim. Biophxx. Acta 

77G, 279-286 



8524 



Crystalline Bovine Growth Hormone 



32. Gout, P. W., Beer, C. T., and Noble, R. L. (1980) Cancer Res. 40. 2433- 
2439 

X\. Tanaka, T„ Shishiba, Y., Gout, P. W., Beer, C. T., NobJe. R. L. t and 
Frieaen, H. F. ( 1983) J. Clin. Endocrinol, Mttab. 66, 18-21 

34. Liscia. D. S., Alhadi, T., and Vonderhaar, B. K. (1982) J. BioL Chem, 257, 

9401-9405 

35. Berech, N., and Golde, D. W. (1978) in In Vitro Aspects of Ervthropoiesis 

(Murphy. M. J., Jr., ed) pp. 81-86, Springer -Verlag, New York 

36. Neville. D. M., Jr. (1971) J. BioL Chem, 246, 6328-6334 

37. Hartree, E..F. (1972) Anal. Biochem. 48, 422-427 

38. Lowry, 0. H., Rosebrough. N. J M Farr, A. L., and Randall, R. J. (1951) J. 

Biol. Chem. 193.265-275 
.19. Edelhocfa, H., Condliffe, P. G., Lippoldt, R. E., and Burner, H. G. (1966) «/. 
BioL Chem. 241, 5205-5212 

40. Li, C. H. (1974) in Handbook of Phvsiotogy.Endocrinology, (Greep, R- 0., 

and Astwood, E. B. ( eds) VoL IV, pp. 103-110, American Physiology 
Society. Washington, D. C. 

41. Leach, S. J., and Scheraga, H. A. (1960) J. Am. Chem. Soc. 82, 4790-4792 

42. Battennan, B. W., and Ashcroft, N. W. (1979) Science 206, 157-161 



43. Akey, C. W., Moffat. K., Wharton, D. C, and Edelstein, S. J. (1980) J 

MoL BtoL 136, 19-43 

44. Hymer, W. C. (1975) in The Anterior Pituitary (Tiiier-Vidal, A. and 

Farquhar. M. G., eda) pp. 137-189, Academic Press. New York 

45. Poirier, De Lean, A., Pelletier, G., Lemay, A., and Labrie, F. (1974) J 

BioL Chem. 249, 316-322 

46. La Bella. F., Kress. M., Fritz, W., Vivian S n Shin, S., and Queen, G. (1971) 

Endocrinology 8», 1014-1021 

47. Lemay, A., Labrie, F. f and Drouin, D. (1974) Con, J. Biochem. 62, 327-335 

48. Moriarty, C. M., Dowd, F., and Fontaine, M. (1983) Biochim. Biophys. Acta 

797, 209-216 

49. Lewis, U. J., Cheeven, E. V., and Hopkins, W. C. (1970) Biochim. Biophys. 

Acta 214, 498-508 

50. Jovin, T., Chrambach, A., and Naughton, M A. (1964) Anal fltochem. 9, 

351-369 ■■ 

51. Slu^ennan. L. A. AE., and Elgersman, 0. (1978^/. Chromatogr. 160, 17- 

52. Sluytennan, L. A. AE., and Wijdenea, J. (1978) ^Chromatogr, 150, 31-44 

53. Bell, J. A. (1985) PhD. dissertation, Cornell University 



Cryetallliacion and rrellalnerT X-rey amraceextxation of 
Bovine Crowd) horsonet Purification of Bovine 
Prolactin and Growth Horcaw 
by 

Jeffrey A. Bill. Keith Hoffat. Isobars K. WoreJrrheer and David V. Golde 



rraparaclvs Oactrophoreale 
tingle peak eLutad tran the 1 



Hacerlal . KAE-calluloee (DC2) and OM-calhilose (O02) wn cutchaeed froa Utatam. 
Suoom anJajsaxruua sulfate were ultra-pure grade from Sda«rt/Ham. All other cheodcsls 
mki reagent grade. Bovine plaxlterlss were shipped an dry lea from Kl-Treez Binloglcals 
and were scored at -60 *C until used. 

Standard eenples of bovine growth hoxnene and bovine end ovlnc prolactin were 
obtained rnas the hmsm dlitrlbuclon progres of Che lOAECK (National Institutes of 
Health, Bethesde, H». Dt. C.K. U provided s nfUrl n n a l savples of bovine crouch tenant 
(11) end ovine prolactin (29). Bum urinary erythropoietic was obtained froa the Blood 
Dieses** Branch, National Heart and Lung Institute. Ibtional Institute* of Health. 
Brchesde. Maryland. 

Curing the purification of growth hontone and prolactin, all solutions were kept at 
0-** C except as otherwise stated. 

Purification fn-mc^ar 

Granule Isolation . The anterior lobes frees apptoxlestely 20 partiJdly-thswad bovine 
plcuicarles were dissected away froa Che dlaphngae scllae, posterior lobet end covering 
corrective tUnt. They were bongratxed In 2y0 ol of flt (w/v) eucrote, 2 erl calcim 
chloride. 1 cM sodim blcerbonete. edjimtcd to pU 6.0 with IO (Solution A>. uelng a 
Wiring Blendor at high spaed for 1.3 win. Ths resulting hosogenaee (Crude, Table 2) waa 
ccntrlruged *t 10.000 x g for 20 sdn. The pellet wae reeuepanded in 233 ml of Solution A 
and hGaogenlxed f u rthei uelng a Brinfanan Polfcran with e FT 35 K probe g en er a t or for 2 nin 



a rpeed ccttlag of 5.5. Thi* 
■ucroee deratty gradienta in 1 x 3.5 
following coepotltion (tucroee ooacentn 
b1 of a linear gradient frm 701 to 551 



(Poiytron. Table Ul) 
Inch poLymllotaex bites. 



is layered onto 12 
gradient bad the 
i expressed in weight per volune): 3 td 702, " 
. 2 nl $51 end * si 501. ~ 



centriftaje ruts. The oaterial above the 552-502 interface was i 
sucrose layer* pooled, dl 



diluted with 2 valines of Solution A end i 



The t>»>es were 
In 2 cuccesslw 
and the rcaaJnlng 
at 16,000 s g 



centrifuges' in a Bec k me n rotnr for 20 mln at 90.000 z g <oax.) 

- - r dlaeazded 

I certtrlfuead 

for 20 edn. The pellet was tejus oende d In 50 al Solution a (Granules, Table III) and left 
to stand overnight. 

Granule Lysis . The granule suspension was hnm g en l. T a d in a CUnco Scientific 
Class-Teflon hoKsenlsex with a 0.01 inch clearance until a eccoA hoaogenete waa obtained 
(about 10 strokes!. One liter of 10 sh" essntiin bicarbonate, 1 bM ECtA. pH S.O was waned 
to 37* C and than 0.35 g phenylttthylsulfonyl fluoride and 0.21 g eodlu 
added. The granule hooDgsnste was slowly poured into this aolutlm with 
stirring, and after 40 ed* Inarieticn the s u p e rn a t a nt containing the soluble 
Oveate. Table til) was clarlriad by centrlfugation at 16,000 x g tor 20 edn. 

Table UI rttrificatioo Suonry 

The course of a typical purification la shown . starting with 35.0 g of whole bovine 
— pi rv1 rsrtaa f U .^ g_sa teri o c plm lra ry tiaeue). 



Prolactin-^antainlae tractions fxoa the 
coltan were pooled, lyophlUxad. and 
r rrsns uaxl ve gal aie ctiiaJ m e a ls waa 

na and flections vsre pooled flies the 
(rrep-dlac. Table XXI). 

Purther rurification of Orowth Horaone . Crowch hceaone froa the O&al-eallulose 
coluan was preclpiUtod by adding 3l) | oT~aolld sasintiBi sulfate per liter of eluate. 
Crowch hsnaone waa eoUectad by cancclfugacion at 12.000 a g for 20 sdn. rediaaolwad in 30 
ml of J sK easjiitiei phoashste, pH 6.5. deaaltad on a Sephedex C-23 colusi (2.8 x 38 caJ, 
and loaded on a CH-cellui»e coluan (1.3 x *5 cm) which had bean sndllbratad vlcb 5 aM 
aasenlue phosphate. pH 6.5. The coluan was alucad at a flow rate of 15 aJTh with 400 al 
of O.U (v/v) UB 7-9 ajftiollne tltraced oo pR 6.40 with RDR (rtgure 4). The fractions 
containing growth noracne waxa pooled and cencantzsted by ultafUcracion ewer an Aslcon 
m-10 taaxxsm. Growth hoaoom wsa separated froa aBstellm on a 2.3 * 50 oa SeThadex 
C-7S coluan (GH-celluloea. Table 111). 
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Figure 4. The oH end absorbance at 280 na of the eluate froa the (M-cellulose colisn. 
eonitored duting leading and elucion of bovine gxcwch hontone. Elution with Che Aophollne 
solution, as described In Haterialt and Hethods, began at the arrow. 



9 til. The last peak eluted waa growth hormone. 



Fraction volune was 



Other Methods 

Activity Assays . Biff erantiat u» ** p i ma ting activity of prolactin was assayed using a 
naBsary expLant oulcure svsteoL Clands froB elo-pregnent edce were cultured in senia-free 
sjedun for 48 h in the presence of 3 wg/eu porcine Insulin. 0.1 hg/nl hydrocortisone. I 
oH 3.5.3' -trllodD-L-thyronine <U-T-> end varioua concentrstlons of prolactins (30). 
Activity of o-lactalbusdn was decctttined as described (31) vsing excess eMDeenous bovine 
gelectosvl transferase (Signs). . 
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Crcwth-proBOClng activity of prolactin on Kb 2 Node rat lycnhcos calls was assayed as 
(32.33).. Cells were cultured for 72 h at 37' C In Fisher's aadiua containing 
end various oooeenrrat lores of prolactin preparations. 



I-lab«Uad owlne prolactin 
liver 



Separation of granule crouch hotnone and prolactin . 6.64 g of solid ammiua 
bicarbonsce wen adoaa co the grscult lysat* to brinx "the eencentxetlon of rr-™<'™ 
bicsrbonete to 90 oM. Ttuj solution was Loaded on a K-S2 colusn (4 x 16 oaj eouilibratad 
with 90 sK anonlua bicarbonate, pH 6.0. end eluted with 200 su of the saaa buffer. The 
eluate containing growth h o racne (TCAC-Celluleae , Table ITI) was collected frco the first 
appsarance of ultrevlolet absorbing sntarlal until the eluate had en absorbance of lass 
than 0.2 at 280 to. Prolactin, which raoained ad s or b ed Co the colusn, was nescqutntly 
elutad with a linear conosncratlm gradient of eanonlun bicarbonate, pH g.0, fron 90 sM to 
180 erl In a total voluse of 1.6 1 (OEAC-cellulosa, Table IIt>. Flow race for this coluan 
! 100 ol/h. 



Competition by various prolactin sasples with 
blading co laccogeiux reoeptors on lac ts Ling souse 
described (34). 

The stlaulsticr. of Friend virus -infected erychxoleukeoda cell proliferation by bovine 
growth horoone waa asaayad by a tsLcrotiter iirrflflrjrlfln of earlier procedures (21,22). 
Bovine growth turaone sacples were diluted tn Dulbecco's ix buffered saline (Irvine 
Scientific) containing 0.52 bovine e«n* elbuxln (Arsour rhsraseautical) and adjusted to 
pH 7.5 before sterilisation by filtering through a 0.2-vk mile* filter. The Friend 
leujusna cell line QH-66 (clone 745) waa osJntalned in continuous suspension culture with 
Iacove's oadiiD (Irvine Scientific) cevtcsining 102 fetal bovine serun. The cells ware 
grown In T-75 flasks for 2 dsys prior to plating in ntcrotlter dishes for the clonogenlc 
asaay. The calls were plated In 0.81 exChylceUuloee fC4H Prssdm. Itaw CheMcala) with 
Iacove's tKdluB, 202 fetal bovine aerua. 0.1 oM e*thloglyccrol and antibiotics uslnf 
96-*«ll, flat-bottoJB sUcrotltar platas (Cos tar). The final cell concentration was 1 x 10 
per al. Hocv* aaopLes and diluent controls (without hocoone) were added directly to the 
wells In 10 a voluaes. The cdrroclcer platas were incubated at 37* C In a huaddiflad 
acarwphere of 92 carbon dioxide and air, and colonies of 8 or sore cells were enuaerated 
after 72 h using an inverted edcrosoope. 

Potet elation by bovine grewch horaorw of cTythrcooiatin-stlxsilated srythropoiasis wms 
assayed in clcnogenic curlnt bone escrrow cuLcures (23,35). Saaples were prepared as 
described above, bone smxtow was obcalned froa sals Sviaa-tajosocr aica and stngls-otll 
suapensions ware prepared In Iscows's ssdlua concxlnlng 20T fetal bovine •erua and 
antibiotics. The bone savrow oslli were plated at a final concentration of 2 x 10 per nl 
In lux 1-eu tissue culture dishes with 2-ca grids using 0.81 ssthylcellulosc containing 
302 fetal bovine aerua, 0.1 tr{ •«chiO0lycxroi, 0.J U/ul huasn urinary arythropouttin. 
Honcnei and diluent controls were aodod 1c C.l el voUssbs. The plates were incubated st 
37* C in a hualdifled etmephere of 91 carbon dioxide and sir for 48 h and erythrold 
colonies (CF0.O concsining 6 or acre hffrrgl^nl'H cells were enuaerated using an 
inverted sleroeoope. 



Crystalline Bovine Growth Hormone 



8525 



<fcxie<ylsuLt axe -polymery: 
<v/v) acrylaodde. O.JT 



Purity uu aonltored during the 
Lanlde gel elactrophorea it f 36) . using 
(v/v) bU-a^laeide, In s slab gel 



Purity 

UulL . ... 

to an equal volute of 0.1 K dithlothreltol, 2.22 (v/v) S£ , T^Jif/V) sucrose, 0.11 (v/v) 



preparation by 
■ separating gel of 121 
oil. Staples were added 



p iuajph uwl blue. 0.54 H Trie -sulfate, fit 6. It and Imrwrert in boiling war for 3 Bin. 
Gel* were stained overnight In 0.251 (v/v) Qaawilt Blue 1.-230 In SOX (v/v) Methanol, 101 
(v/v) acetic add. and were la tht Mac solution without dye, followed by 51 

(v/v) wthsnol. 101 (v/v) acetic acid. The Integrated Intensity of staining In protein 
bands was dateralned using a Quick Sean gel scanner (Helen* Laboracorlee) with * 525 m 
filter. Alternate lane* of eeoh elab gel ware run without protein aasple to provide an 
accurate detersdnarton of background absorption of the gal. 

The quantity of growth horaone and pro lectin la exude fraction* wi dateralned by 
i of Che integrated intensity of the hocaone bend with the Integrated lAtenelty 
i of purl/ led horamts en the saoa gel. At leeet 3 deterainetiiris of each 
■lard Mere am ugaili replicate* varied by less Chan 132 froa the aaan. 
Total protein concentration In crude fractions mu uetaialned by the Ksrtree tsadl fl carton 
(37) of the tarry aaaey (39). 

The quantity of honone In highly purified fractions was decemtoad .using C - 0.71 
ol.s* .oa «t 280 nv for growth horaone (39). and E - 0.894 td-ae; en~* at 277 na for 
prolactin (40). A oarracdon for light acattarlng (41) was aeda when necessary, baaed on 
the ab eorbanee tiinaei 320 end 360 nm. The percentage of dye binding In the aaln protein 
band on aodlisi dodecylaultate^lyeaylanUe gel wee drrrrrnlnad for theae fractliXis aa an 
of their purity. 



Isoelectric focusing was p e a - funa a d on an ID 

i the —ufai I in en '■ InetTuctlona. except chat 
at 100 V. 0.3 b at 300 V and 2 h « 500 V. Gele 
: add. 3.51 (v/v) eulfoaalleyllc acid, 
of 0.042 (w/v> Serve Blue V ' 



pH 3.5-9.3. 
' for 0.5 h 
3 son m 11.51 (v/v) 
etaiaad for 2 h In 



be used fe 

pH 5.3, 
Ion by old 

Prolactin was lycpfalllsad froa a 10 srl 

dlaeolvwd In 100 ah* aanonliB bicarbonate for oee in crystallisation exparlajanta. Onaain 
to crystalllas theae h r nT*'— were snda using the hanging drop vapor diffusion Method (0) . 
A vide Tang* of cnatalllastlon cmrtlrlom van surveyed a at wee ii pH 3 and 0.3 wing 
aexxiltai aulfate, polyethylene glycol 6000. or ethanol ae a prerlplrenf. 

I la a 0.7 an glaaa 





Crystals 



Our 
Table 2. 
of 



X-Har dlffractioa and electron adrroaeopy . 
LLUry end eamoeed to uaoeb x amxU s-rays, using a 0.2 * co U tsa tt o r at the Cornell 
Ugh Energy fl j eaiuuuuu Source (42). Diffraction w recorded on Reflex 25 file (CCA) . 
Crystals •ere cooled to approxlaetely 3* C I 

Crystals ware fixed, stained, as* 

- ' (43). 

ncsuus am) Discussion 

purification scheme for bovine growth horaone and prolactin is sunarlaed in 
An Initial 2 to 3-fold purifies dap of theae Uaau as wee achieved by isolation 
aa uieujfj granules from the anterior pituitary (44). through a procedure 
frca the work of Labrle and coaw to ra (45). Thorough hnsnganl ration of the 
crude extract Just prior to sucrose density centrtfugetion la eeeenttel to achieve 
ILent yield of both h o n onee In the granule fraction (Table 2). The value of 
del step ve* first suggested by UBeUa at al. (46). Km* «t al. (14) prevloufly 
and aeper a tad bovine prolactin and growth" honaone frca a ea m e tjury granule 
An latnrtant edvattage of this ap|»i oa J > i< thst. telile the bonsonea axe 
In ao aeto ry gnmlee, they are effectively shielded froa protaeee activity In 
the crude extract. 

The pr eseixs of aecretory granule* «aa a probleo as wall as an advantage. )fc have 
opcisdzee' the emile lysis conditions for ttexlnel yield of both gxovtfa hosaone and 
prolactin sfaultaneouely ((47), J.A. Bell and T. Kahn, uapubliahed results). 
Nevertheless, the lysis «tep has tht lowest yield In our procedure. In e recent study. 
Horiaxty et al. (46) found these ae cieto ry granule* to be resistant to a vide variety of 
lysis treeonmte, except for alkaline pH and 0.32 sodium dodecyl aulfate. Because organic 
solvents, em e u ae of pH. or detergents could have undesirable effect* on the activity and 
cryatalllzahlllty of t heae h ora u ne s . ve avoided the use of such conditions tor lysis. 
Rlgh pH 1* enowa to proaoce daawldatim of aeperagine and glutaodne residues, a oajor 
source of electxophsretlc heterogeneity in protein horncne preperaxlona (49). The use of 
CCtA, elevated teaperacure. sudden dUutlan of oeaotlc support, and slightly alkaline pH 
teu suggested in a study by lebrte «*d coworkers on the stability of bovine secretory 
granule* containing growth hormne and prolactin (47). The difficulty of eolublUilng 
hormone * froa these •torage granules o*y explain why acre rigorous extraction conditions 
have often been eBplayed by other uivesti^tors (Table 1) . 

Proteolytic degradation of the prolactin and growth horeone appears to be s problem 
nc to Lysis of the granules. Decrease in horaone yields is eorreUted vlth the 
appearance of Low mlecular weight bands on electrophoresis gels (result* not shown). 
Highest yields were obtained when all steps froa granule lysis to elutloi of prolactin 
froa the DCAE -cellulose eolmn and to loading of growth hoaoM on the CH-celiulose coIubi 
were accoaplished In one day. Identification of aore effective protease inhibitors than 
those used here (phenylaethylsulfonyl fTuoride and lodoecetle acid) sight Improve horaone 
yield* further . 

Chratogrephy on DCAE -cellulose separated the two l aimm te * and further purified then 
before final Ind ep e n dent purification of each. 



Final purification of prolactin was achieved by preparative electrophoreslj. This 
technique has the advantage of high resolution separation on the bails of size and cherce 
(50). The final product was judged to be of very good purity by electrophoresis (Table ]) 
and by isolectric focusing (Figure 2). The editor doublet on the add side of the esin 
prolactin band observed In isoelectric focualng gals (Figure 2. lane s) aary be due to 
dBJEddation (49). A single protein bend was observed on sodlua "dodecyl sulfate- 
polyacrylaaide gel electrophoresis and a single cononer peek was observed on gel exclusion 
chroaatngraphy (results not shown). 

The high resolution technique of chmsatofocustng was eop loved for the final 
purification of growth horaone (Figure 4). This technique oaplovs a pH gradient during 
allows the separation of proteins on the basis of their isoelectric points 



tellent purity by else nop) sires la (Table 



elution which 

(51.52). The final product » 

3) and Isoelectric focualng (Figure 1). As reported by others' (reviewed in Jtefe. 16 «id 
19) . bovine growth hornone becwnwl as a dinar en gel exclusion chroaatceTSphy (results not 
ehown). 

The final yield of growth hosaene and prolactin fena our preparation appears to be 
sovewhat lower than that fron sou other preparations (TabLe 1). Hcmwct. these vields 
ere baaed on the total aaount of protein recovered, not in the eaount of prolactin or 
growth hoiBDne obtained. t«wn considering the yields froa Eese procedures, the purity of 
the preparation should be considered (Table III and Figure "2) . Therefore, our yields 
could be almllar to or better than those obtained by these other procedures. 

In three different assays ve uuepexed the biological activity of two fractions fron 
our prep ara tion of bovine prolactin to that of two different lots of standard ovine 
prolactin froa KIADBC The stlauleclon of a>lactalbusln synches if In aa ua a u y gland 
explant* (30.31, Figure 5a), the st hauls don of growth In lb 2 Ifade rat lyophaa cells 
(32,33. Figure Sb) and the coapetltlon for binding to lactogenic receptors (34, not shown) 
ware examined. Overall, the four prolactin senple* had sisdlar potency. A aore detailed 
account of these results is given elsewhere (53). 




Figure 5. 



OJCtTI OJ0C3 0.129 CUS 

ng/ml 

The doe s reeponae of various prolactin ajasplcs for three different biological 
[he aaaplae m*—y& werei bovine prolactin froa the DEAE-coUan (a), bovine 
prolactin purified by preperetive ele c tr o phore s is (o)> IfXADCC ovine prolactin, lot 
lfXH-P-S14 OC), tOAOX ovine prolactin, lot NXH-r-S15 (a, ref. 13). In each graph the 
concentration of prolactin la plotted on the ahatrteea on a loaarlthaU acsle. 
Fanel a. The dlfferwiclatlon-proaoclAg activity of prolactin aaaplas was assayed by 
deteaelnation of e-larralhartn activity, which is plotted wraua the prolactin 

IfiSb Both WAJPK prolactin aaaplcs___prnrt rrH fhr aawe rraulta vlthin 

> that the results were coablnad and their symbols 4 
renel b. The prolacrln-dependant stlnulatlon of growth in K 2 cells 



culture* grown in the presence of 10Z fetal calf 1 



2 cell* la 1 
I 1.2 x 10 r e 
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ABSTRACT 

Two studies were designed to examine the differences 
in galactopoietic potency of molecular variants of 
pituitary- and recombinant-derived bovine GH (bGH). 
The recombinant bGH molecules included amino- 
terminal and position- 127 amino acid substitutions 
which are representative of two of the four natural 
pituitary variants or of partially degraded bGH 
molecules. Amino-terminal variants of bGH included 
methionine (Met 1 ), alanine (Ala 1 ), serine (Ser 1 ) or 

1 deletion of four amino acids (A 1 " 4 ). The A 1 ^ variants 
were representative of degradation products pre- 
viously isolated in pituitary bGH preparations. In the 
first study, 54 lactating Holstein cows received i.m. 
injections of a buffer solution (control), pituitary- 
derived bGH, or recombinant-derived (Met^Leu 12 ]- 
bGH, [Met\Val 127 ]-bGH, [Ala\Leu™]-bGH, or 
[Ala\Val 127 ]-bGH. Cows received 25 mg bGH/day for 
21 days. Substitution of the amino-terminal alanyl 
residue with methionine did not affect milk response. 
GH variants with Val 127 elicited a greater milk response 
(8-5 kg/day) than Leu 127 bGH variants (6-5 kg/day). 
The average milk response to the four recombinant 

^ bGH variants was 7*5 kg/day greater than controls 
compared with 4*4 kg/day for pituitary-derived bGH. 



INTRODUCTION 

Research conducted in the last four decades has demon- 
strated that exogenous bovine growth hormone 



In contrast, blood bGH concentrations were equivalent 
for pituitary and recombinant bGH treatments, 
approximately 20 jj.g/1 more than control levels at 3 h 
after injection. Blood free fatty acid concentrations 
were increased, but insulin and glucose levels were 
unaffected by bGH treatment. In the second study, 54 
lactating Holstein cows received i.m. injections of 
a buffer control solution or recombinant-derived 
[Me^Leu'^-bGH, [Ser I ,Leu 127 ]-bGH, [Ser'.Val 127 ]- 
bGH, [A^Lcu'^-bGH or [A^,Val I27 ]-bGH. Cows 
received 25 mg bGH/day for 28 days. The milk 
response to full-length bGH variants was 6*6 kg/day 
greater than the response to the amino-terminal 
deletion variants (i > <0-05). Substitution of valine 
for leucine did not affect milk response to either the 
deletion (A 1 " 4 ) or full-length (Met 1 or Ser 1 ) bGH 
molecules. In conclusion, the lowered galactopoietic 
potency of pituitary bGH preparations was demon- 
strated, at least in part, to be due to the presence 
of amino-terminal amino acid deletions rather than 
differences in amino acid sequences of recombinant 
bGH. Ala 1 bGH variants with valine at postiion 127 
elicited a greater milk response than Leu 127 variants. 
Journal of Endocrinology (1 992) 132, 47-56 



(bGH) increases milk production of lactating dairy 
cows. Although initial studies utilized pituitary-derived 
bGH (pbGH), subsequent studies have shown that 
recombinant bGH (rbGH) also has galactopoietic 
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activity. Daily injections of zinc methionyl rbGH 
([Met',Leu I27 >bGH) and pbGH over a 6-day period 
increased average milk and blood GH concentrations 
similarly (Bauman, DeGeeter, Peel et al. 1982). 
However, daily injection of 27 mg [Met\Leu 127 ]-bGH 
for 188 days elicited a 36-2% increase in milk yield, 
compared with only 16*5% for the same dosage of 
pbGH (Bauman, Eppard, DeGeeter & Lanza, 1985). 
The bGH preparations used in that study had simi- 
lar potency in both bovine liver receptor binding 
and hypophysectomized rat growth assays (Wood, 
Salsgiver, Kasser et al. 1989) but clearly differed 
in galactopoietic potency. The difference between 
rbGH and pbGH in cattle was also not explained by 
differences in blood bGH concentrations, and no sig- 
nificant anti-bGH titres were detected (Bauman et al. 
1985). 

One explanation for the observed differences in 
milk response between rbGH and pbGH preparations 
could be the amino acid composition of the bGH 
administered. The rbGH used in the dairy studies of 
Bauman et al. (1982, 1985) had an amino-terminal 
methionine which is not present in pbGH. Bovine GH 
is released from the pituitary as four variants composed 
of alanine or phenylalanine residues at the amino- 
terminus and leucine or valine substitutions at residue 
127 (Li & Ash, 1953; Seavey, Singh, Lewis & 
Geshwind, 1971; Charrier & Martal, 1988). Differing 
relative amounts of the four variants are present 
because of ambiguous processing of the bGH precur- 
sor (amino-terminal variants) or allelic polymorphism 
(residue- 1 27 variants) within a given animal (Pena, 
Paladini, Dellacha & Santome, 1969; Seavey et al. 
1971). Hart, Blake, Chadwick et al. (1984a) resolved 
four protein peaks from a pbGH .preparation and 
reported differential metabolic activities for them. 
If a specific bGH variant or combination of variants 
present in pbGH is required for optimal milk response, 
rbGH may not match that configuration and the 
biological response may be altered. 

The objective of this study was to determine the 
basis for the difference in galactopoietic response to 
rbGH and pbGH.. The rbGH variants tested included 
amino-terminal variants or deletions and position- 127 
amino acid substitutions which are representative of 
two of the four bGH variants which are present in 
the bovine pituitary or of partially degraded GH 
molecules. 



MATERIALS AND METHODS 

The rbGH variants were produced individually in 
Escherichia coli K12 W31 10G via a pBR322 plasmid 
(Seeburg, Sias, Adelman et al. 1983; Calcott, Kane, 

Journal of Endocrinology (1992) 132, 47-56 



Krivi & Bogosian, 1988). The rbGH was purified 
(Wood et al. 1989) to 94-99% homogeneity as judged 
by reverse-phase high-performance liquid chromato- 
graphy and sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (Table 1). The amino acid sequence 
of all rbGH variants was confirmed by tryptic peptide 
mapping (Violand, Takano, Curran & Bentle, 1989) 
All of the peptides from [Met',Leu I27 ]-bGH were 
isolated and their amino acid sequences determined to 
be correct using an Applied Biosystems model 470A 
gas phase sequenator (Foster City, CA, U.S.A.). 
Peptide maps of variants were obtained and pep- 
tides which were different from [Met^Leu'^J-bGH 
fragments were isolated and sequenced to confirm 
their identity. The pbGH (Monsanto Lot number 
M-62- 10124) was obtained from A. F. Parlow and 
characterized by Wood et al. (1989). All bGH prep- 
arations were non-pyrogenic and sterile as determined 
by the United States Pharmacopeial rabbit pyrogen 
and sterility assays (USP, 1990). Relative potencies of 
the bGH preparations were analysed in hypophysec- 
tomized rat growth assays (Marx, Simpson & Evans, 
1942). Results ranged from 1-32 to 1-63 units/mg 
protein (Table 1) with an average index of precision 
(A.) of 0-41. 



table 1 . Characterization of bovine growth hormone (bGH) 
variants utilized for experiments 1 and 2 



bGH 

preparation 

Experiment 1 
pbGH 

[Mct',Leu 12 >bGH 
[Met',Val' 27 ]-bGH 
[Ala',Leu ,27 j-bGH 
[Ala',Val ,27 ]-bCH 

Experiment 2 
[Met',Lei] 127 ]-bGH 
[Ser',Leu 12 T-bGH 
[Ser',Val ,27 ]-bGH 
[A'^Leu ,37 ]-bGH 
[A M .Val ia J-bGH 



Rat 
growth 

(units/mg protein) 



1-49(1-38, 1-6!) 
1-57(1-44, 1-72) 
1-47(1*37, 1-58)" 
1-63 (1-49, J-78) 
1-57(1-44, 1-72) 

1-32(1-26, 1*38) 
1-56(1-43, 1-71) 
1-34(1-28, 1-40) 
1*45(1-34,1-57) 
1-35(1-28,1-42) 



SDS-PAGE 
profile 

(% monomer) 



94-0 
98-5 
98-5 
98-2 

98- 7 

99- 4 
98*9 

98- 8 
99*5 

99- 4 



In each experiment, 54 Holstein cows received either 0 or 25 mg bGH/day 
(0-04 mg/kg body weight) for 21 days (experiment 1) or 28 days (experiment 
2). Preparations of bGH other than pituitary-derived bGH (pbGH) were 
recombinantly derived. Rat growth was measured in a hypophysectomized 
rat growth assay (Marx et at. mi). Biopotency and (95% fiducial limits) are 
presented. The average index of precision (X) was 0-41 . 



Animals 

Lactating multiparous Holstein cows (approximately 
60-200 days postpartum) were housed in a free stall 
barn and milked twice daily at approximately 05.00 
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and 17.00 h. Milk samples were collected on days —6, 
-1 and 7 of study and weekly thereafter. Samples 
were preserved with K 2 (Cr 2 0 7 ) and analysed for 
fat, protein (Multispec Infrared Analyzer Berwind 
Instrument Group, York, N. Yorks, U.K.) and soma- 
tic cell counts (Coulter Milk Cell Counter, Coulter 
Electronics, Hialeah, FL, U.S.A.). Milk production 
was standardized to 3-5% fat content according to the 
equations of Stoddard (1980). All cows were observed 
several times daily throughout the study for general 
health status. Animals were fed a pelleted diet (Purina 
Mills, St Louis, MO, U.S.A.) formulated to meet or 
exceed requirements recommended by the National 
Research Council (1978) of the U.S.A. Feed was 
offered using a DeLaval Rationmaster II computer- 
ized feeding system (Alfa-Laval Agri, Inc., Kansas 
City, MO, U.S.A.). Alfalfa hay and water were avail- 
able ad libitum. The studies were conducted according 
to the scientific concepts embodied in the Good 
Laboratory Practice Regulations (1978) of the U.S. 
Food and Drug Administration. Guidelines of the 
National Institutes of Health (1985) of the U.S.A. for 
the care and use of laboratory animals were followed 
and the study was approved by the Monsanto Animal 
Welfare Committee. 



Experimental design 

Experiment 1 

Fifty-four multiparous, lactating Holstein cows 
(approximately 100 days postpartum) were assigned 
randomly to one of six treatments: (1) con- 
trol; (2) pbGH or rbGH; (3) FMet , ,Leu 127 ]-bGH; 
<4) [Met',Val ,27 ]-bGH; (5) [Ala\Leu 127 ]-bGH; (6) 
[Ala\Val I27 ]-bGH. All growth hormones were pre- 
pared as sterile lyophilized powders in sodium 
bicarbonate and solubilized to 5g/I (27mmol 
NaHCOj/l; pH 9-8). Solutions were freshly prepared 
daily and refrigerated until used. Cows received 25 mg 
bGH/day for 21 days (0 04 mg/kg body weight). Con- 
trol cows received daily injections of buffer (27 mmol 
NaHCOj/1; pH 9*8). During the 7-day pretreatment 
period all animals received control injections and were 
assigned to their respective groups on day 1 of treat- 
ment. All injections were into the semitendinosus 
muscle after the morning milking. Approximately 
20 ml blood were collected by tail venipuncture at 3 h 
after injection on days -6, - 1, I, 7, 14, 21 and 28 of 
study. It has previously been shown that 3 h after 
injection coincides with increased bGH concentrations 
after daily injection (Bauman et al. 1982). 



Experiment 2 

Fifty-four multiparous lactating Holstein cows were 
assigned to study in a randomized block design. Cows 



were blocked on stage of lactation which varied from 
60 to 200 days postpartum. Cows were housed and 
cared for as described in experiment 1. Animals 
received one of six treatments: (1) control buffer or 
rbGH; (2) [Mct'.Lcu^bGH; (3) [SerUeu^-bGH; 
(4) [Ser i ,Val 127 ]-bGH; (5) [A M t Leu 12T ]-bGH; (6) 
[A M ,Val l27 ]-bGH (Table 1). The amino-terminal 
deletion variants (A 1 " 4 ) were representative of degra- 
dative products found in some pituitary bGH prep- 
arations (Wood et al. 1989). Approximately 80% of 
the A 1 "* bGH had a Ser-Leu-Ser amino-terminal 
sequence and 20% had Met-Ser-Leu-Ser. Variants 
with serine substitutions at the amino terminus were 
also included to gain additional information on the 
effects of amino acid substitutions at that site. All 
bGH molecules were prepared as sterile lyophilized 
powders in sodium bicarbonate and solubilized to 
10g/l (25 mmol NaHC0 3 /l; pH 10 0). During the 
7-day pretreatment period all animals received control 
injections and were assigned to their respective groups 
on day 1 of treatment. All bGH-treated cows received 
25 mg bGH/day for 28 days. All injections were into 
the semitendinosus muscle after the morning milking. 



Blood analyses 

In the first experiment, serum was analysed for GH, 
non-esterified fatty acids (NEFA), glucose and insulin. 
GH was measured by double-antibody radioimmuno- 
assay using rabbit polyclonal bGH antibody (lot 
number R609, Monsanto), goat anti-rabbit y-globulin 
(Linco Research Inc., St Louis, MO, U.S.A.) and 
polyethylene glycol precipitation. The bGH antibody 
cross-reacts less than 0-1% with bovine prolactin 
and does not differentiate different bGH variants. 
l25 I-Labelled [Me^Leu'^-bGH (Monsanto) was 
used as the tracer. Intra- and interassay coefficients 
of variation averaged 11-63 and 5-95% respectively. 
Recovery of added bGH in serum averaged 105% over 
the range from 0*7 to 67 ug/1. Insulin was measured by 
double-antibody radioimmunoassay using guinea-pig 
anti-bovine insulin (Miles Laboratory, Elkhart, IN, 
U.S.A.), goat anti-guinea-pig y-globulin (Antibodies 
Inc., Davis, CA, U.S.A.) and polyethylene glycol 
precipitation. I25 I-Labelled bovine insulin (Sigma 
Chemical Company, St Louis, MO; U.S.A.) was used 
as the tracer. The sensitivity limit of the assay was 
1 8 pmol/L Intra- and interassay coefficients of variation 
averaged 14-45 and 11-65% respectively. Recovery of 
added insulin in serum averaged 99% over the range 
from 36 to 500 prnol/1. Blood glucose concentrations 
were analysed using an ACA IV clinical analyser 
(Dupont, Wilmington, DE, U.S.A.). NEFA were 
measured using an enzymatic assay (Wako Pure 
Chemical Industries Ltd, Richmond, VA, U.S.A.). 
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Statistical analyses 

Analysis of variance (ANOVA) for a completely 
randomized design was conducted using the General 
Linear Model procedure of the Statistical Analysis 
System (1985). Blood data were analysed by separate 
ANOVA for each sampling during the treatment 
period. The model included treatment and a pretreat- 
ment covariate (individual animal deviation from 
the pretreatment mean (Urquhart, 1982)). When the 
F-test of the main effect of treatment was significant 
(P<0*05), contrasts and pairwise comparisons (least 
significant difference, LSD) were deemed significant 
at / > <0-05 (Snedecor & Cochran, 1980). Data are 
expressed as least-squares means ± S.E.M. (Searle, 
Speed & Milliken, 1980) and n (number of animals 
sampled) unless otherwise stated. One animal in the 
pbGH group was dropped from study because of per- 
sistent inappetence and diarrhoea which potentially 
confounded its response. 

For the second experiment, ANOVA was conducted 
as described previously except that the model also 
included stage of lactation (from 60 to 200 days 
postpartum, divided into three blocks). 



RESULTS 
Experiment 1 

Prior to study, 3*5% fat-corrected milk, milk fat, 
protein and somatic cell count averaged 25-4 kg/day, 
3-51%, 3-12% and 200 x 10 3 cells/1 respectively. Milk 
production was significantly increased with all bGH 
treatments beginning in the first week of study and 
overall (Table 2). Average response to the genetically 
engineered proteins, except [Ala^Leu'^J-bGH, was 
greater (P<Q Q5, LSD) than to pbGH. Substitution 
of the amino-terminal alanyl residue with methionine 
did not affect milk response, i.e. overall Met = 7*7 kg/ 
day versus Ala = 7*2 kg/day; contrast of [Met 1 , Leu 1 
bGH and [Met',VaP 7 ]-bGH versus [Ala\Leu 127 ]- 
bGH and [Ala\Val ,27 ]-bGH. GH variants with valine 
at position 127 elicited a greater milk response than 
their leucine counterparts: Val = 8-5 kg/day versus 
Leu = 6*5 kg/day; P<0 05; contrast of [Met\Val 127 ]- 
bGH and [Aia l ,Val ,27 ]-bGH versus [Met 1 , Leu I27 ]- 
bGH and [Ala'^eu^j-bGH. The response difference 
between amino : terminal methionyl variants with 
valine and leucine substitutions at position 127 was 
less (1-2 kg/day; P = Q$\, contrast) than between 
alanyl variants (2*8 kg/day; P,< 0*05, contrast). 

Milk composition was unaffected by treatment 
(Table 2). Somatic cell counts remained low and were 
consistent with the low incidence of clinical mastitis. 
No incidence of elevated rectal temperatures or other 
clinical indications were observed. ' 
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Serum GH concentrations were increased by 
approximately 20-30 ug/1 relative to controls (Table 
3). Immunoreactive GH concentrations for the 
pbGH-treated animals were equivalent to levels 
achieved in cows receiving rbGH treatments. Glucose 
and insulin concentrations were not significantly 
increased by pbGH or rbGH treatments. Blood NEFA 
concentrations were increased two- to threefold by all 
bGH treatments (Table 3). 

Experiment 2 

Pretreatment fat-corrected milk, milk fat, protein and 
somatic cell counts did not differ among treatment 
groups and averaged 24-3 kg/day, 3*74%, 3*22% and 
191 x 10 3 cells/1 respectively. The clinical health of the 
animals was excellent during the study, although a 
transient incidence of mastitis was observed among 
all treatment groups. During week 4 of the study, 
three cows receiving [Me^Leu^J-bGH exhibited 
extremely high somatic cell counts, resulting in a sig- 
nificant effect of treatment overall (Table 4). How- 
ever, only one of the three cows had clinical mastitis 
and no marked decline in milk production was noted. 

Daily injection of bGH significantly (i > <0-05, 
^(5,45)) increased 3*5% fat-corrected milk with no 
change in milk fat or protein content (Table 4). Milk 
response to the full-length (191 amino acid) bGH 
variants was 6-6 kg/day greater than the response 
to the amino-terminal deletion variants (P<0-05, 
LSD). Substitution of valine for leucine at position 
127 in either the deletion or full-length bGH 
molecules did not affect milk response (P>0*05, con- 
trast of [A^,Val I27 ]-bGH and [Se^Val'^-bGH versus 
[A'^,Leu ,27 ]-bGH and [Ser 1 ,Leu I27 ]-bGH-bGH). 

DISCUSSION 

The rbGH variants examined in the present study 
included amino-terminal and position- 127 amino acid 
substitutions which are representative of two of the 
four bGH variants present in the bovine pituitary (Li 
& Ash, 1953; Seavey et al 1971). The substitution of 
valine for leucine had the most profound effect on 
milk response to' [Ala^Val'^-bGH and [Ala'^eu 127 ]- 
bGH, two naturally occurring variants. The expla- 
nation of this effect is uncertain, particularly since 
valine/leucine substitution did not affect milk response 
to Met 1 or Ser 1 bGH. 

Although the pbGH and rbGH preparations have 
similar bioactivity in a hypophysectomized rat assay 
(Table 1 and Wood et al (1989)), a lower milk 
response to pbGH than to rbGH has been reported 
(Bauman ex al 1985). The presence of amino-terminal 
deletions in pbGH preparations was implicated as an 
important cause for lowered milk response. Compar- 
able pbGH lots from the U.S. National Institutes 
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of Health were previously demonstrated to contain 
approximately 50% amino-terminal deletions by mass 
(Wood et al 1989). Although significantly less effec- 
tive than the full-length variants, the A 1 " 4 variants did 
increase milk production by over 3 kg/day compared 
with that of the controls (Table 4). The milk response 
to pbGH was 2-7 kg/day less than the response to 
[Met',Leu l27 ]-bGH (Table 2). Milk response to A 1-4 
deletion variants was 6*3 kg/day less than the response 
to [Met',Leu l27 ]-bGH. Hypothetically, doubling the 
mass of bGH deletion variants administered from 
50% in pbGH (Wood et al 1989) to 100% in A 1 " 4 
bGH preparations resulted in a 43% decrease in the 
fat-corrected milk response (2*7 versus 6-3 kg). 

A loss of galactopoietic potency caused by deletion 
of the first four amino acids is consistent with a 
specific role for the amino terminus in bioactivity. 
Analysis of the three-dimensional structure of mol- 
ecules such as methionyl porcine GH indicates that 
approximately six amino acids at the ammo-terminus 
are easily accessible for intermolecular interactions 
such as receptor binding (Abdel-Meguid, Shieh, 
Smith et aL 1987). For intact bGH variants,* single 
amino acid substitutions at the amino terminus had 
less effect than deletions, e.g. Met 1 and Ala 1 molecules 
elicited similar milk responses (Table 2). Although 
80% of the pituitary-derived GH molecules with 
deletions had serine at the amino terminus (Wood 
et al 1989), Ser 1 and Met 1 substitutions in full- 
length bGH variants gave equivalent milk responses 
(Table 4). 

Shorter-term studies have reported equivalent 
responses to pbGH and rbGH. For example, the 
6-day study of Bauman et al (1982) showed similar 
milk and blood responses to s.c. injections of 
pituitary bGH (25 mg/day; lot number AFP171) and 
[Met\Leu I27 ]-bGH. A 7-day treatment with pbGH 
and [Met\Leu l27 ]-bGH (0*07 mg/kg body weight) also 
produced equivalent milk responses in Jersey cows 
(Heap, Fleet, Fullerton et al 1988). In that study, 
subtle differences between the two bGH preparations 
were observed for the ratio of milk yield to mammary 
blood flow and arteriovenous uptake of acetate. The 
authors postulated that "those differences could have 
been due to the presence of multiple forms of bGH in 
the pituitary preparations which were not present in 
the recombinant bGH (Heap et al 1988). 

In experiment 1, the concentrations of immuno- 
reactive GH in the blood of pbGH-treated animals 
were equivalent to those in cows receiving recombi- 
nant bGH molecules despite a twofold difference in 
milk response. Blood sampling was timed to coincide 
with the approximate peak GH concentration after 
injection (Bauman et al 1982); Both pbGH and rbGH 
variants resulted in similar increases in blood GH 
after injection (Table 3). One week after treatments 
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were discontinued, concentrations were at or near 
pretreatment baseline values. Similar blood GH 
responses were expected for these treatments because 
[Met ! ,Leu I27 ]-bGH and [Ala 1 ,Val I27 ]-bGH have equiv- 
alent half-lives, distribution volumes and total clear- 
ance rates in dairy cows (Birmingham, White, Lanza 
et al 1988). In that and the present study, the radio- 
immunoassay included a polyclonal antibody against 
bGH which did not differentiate between endogenous 
and exogenous GH. Similarly, pbGH (lot AFP 
7899C) and rbGH were indistinguishable by radio- 
immunoassay (Langley, Lai, Wypych et al 1987). 
Hart, Chadwick, Boone et al (1984Z>) also repor- 
ted that pbGH (lot number NIH-GH-B2) was 
immunologically identical with recombinant-derived 
[Met^Leu^-bGH. Bauman et al (1985) noted that 
neither pbGH nor [Me^Leu^-bGH stimulated a 
significant anti-bGH titre in cows injected for 188 
days. 

In the present study both pbGH and rbGH treat- 
ments increased blood NEFA by day 7 (Table 3). 
Average NEFA concentrations followed the same 
rank order as average blood GH concentrations 
(Table 3). In-vivo administration of pbGH and 
[Me^Leu'^-bGH to sheep also increased blood 
glucose and NEFA concentrations (Hart et al 19846). 
Exogenous bGH treatment has been demonstrated to 
chronically enhance the lipolytic response of adipose 
tissue to homeostatic signals such as adrenaline 
(Sechen, Bauman, Tyrrell & Reynolds, 1989). When 
dairy cows are in positive energy balance during bGH 
treatment, lipid deposition is reduced; cows in nega- 
tive energy balance mobilize lipids to support the milk 
response to bGH (Bauman, Peel, Steinhour et al 
1988; Sechen et al 1989). Although energy balance 
was non-estimable in this study, if short-term feed 
intake was not increased (Baiiman et al 1985) the 
incremental secretion of milk fat alone necessitated 
synthesis or net mobilization of an additional 
0*1 5-0*30 kg lipid/day (Table 2). 

Neither pbGH nor rbGH treatments significantly 
altered blood insulin or glucose concentrations. 
Although GH has been demonstrated to increase 
hepatic gluconeogenesis, decrease whole-body glucose 
oxidation and decrease insulin sensitivity in dairy 
cows (Bauman, Dunshea, Boisclair et al 1989), 
metabolic adaptations for glucose homeostasis often 
result in no change in blood concentrations. 

In the light of the present in- vivo data, care must be 
exercised in inferring bGH responses between assays 
and across species. Milk production was higher in the 
cows treated with rbGH than in those treated with 
pbGH, and preparations from both sources increased 
blood NEFA levels. In contrast, in-vitro lipolysis was 
stimulated by pbGH but not by [Met'^eu'^-bGH 
(Hart et al 19846). Equivalent growth-promoting 



act 
ha*, 
tar 
rat: 
(L;- 
rec: 
eqi 
(W 
ext 
acc 
Va: 
spe 
rec* 
late 

t0[ 

Bee 
ma" 
pbC 
sibl 
ten 
but 
bG: 
exo 
thn 
teri; 
gro' 
I: 
pitu 
due 
dele 
ami: 
vari 
mill* 
blot 
chai 
equi 
thoi 
rbG 



AC! 

The 

C. J 
S.E 
S. V 

D. !>, 
of tl 



REF 

Abde 
Vu 
stn 

hoi 

V.: 



r 



Milk response to bGH variants • p. j. eppard and others 55 



or near 
od GH 

-\ Lanza 
e radio- 
against 
ogenous 
n AFP 
y radio- 
- 1987). 
> repor- 
i2) was 
-derived 
ted that 
llated a 
for 188 

H treat- 
able 3). 
te same 
trations 
fH and 
i blood 
1984£). 
rated to 
adipose 
renaline 
>. When 
ig' ' 

^taL 

balance 
on feed 
•85) the 
ssitated 
ditional 

ficantly 
rations, 
ncrease 
glucose 
a dairy 
1989), 
is often 

must be 
t assays 
t in the 
*d with 
creased 
/sis was 
7 ]-bGH 
•moting 



activities for several pbGH and rbGH preparations 
have been reported for in-vivo assays with hypopitui- 
tary dwarf mice (Hart et ai 1984*), mature female 
rats (Wood et ai 1989) and hypophysectomized rats 
(Langley et ai 1987) (Table 1). In-vitro assays of liver 
receptor binding and cellular differentiation gave 
equivalent results for pituitary and recombinant bGH 
(Wood et al. 1989). Differences in methods of pbGH 
extraction from the anterior pituitary probably 
account for some of the variation among studies. 
Variation in response could also be due to lack of 
species homology among the assays. For example, 
recombinant and pituitary-derived porcine GH stimu- 
lated equivalent growth responses when administered 
to pigs over the dose range 1 * 5-9/0 mg/day (McLaren, 
Bechtel, Grebner et al. 1990). Variation in bioactivity 
may also be due to receptor-binding activities of 
pbGH and bGH variants for different tissues respon- 
sible for various metabolic processes. Thus, amino- 
terminal deletion variants could be less galactopoietic 
but still stimulate anabolic activity similar to intact 
bGH molecules. The biological response cascade to 
exogenous bGH for milk synthesis may proceed 
through GH receptors with different binding charac- 
teristics from those of the receptors through which 
growth functions are stimulated. 

In summary, the lowered galactopoietic potency of 
pituitary bGH preparations was demonstrated to be 
due, at least in part, to the presence of amino-terminal 
deletions (amino acids 1-4) rather than differences in 
amino acid sequences present in rbGH. Ala 1 bGH 
variants with valine at position 127 elicited a greater 
milk response than Leu 127 variants. Immunoreactive 
blood GH concentrations and the resultant NEFA 
changes in the blood of pbGH-treated animals were 
equivalent to cows receiving rbGH molecules even 
though the milk response to pbGH was less than to 
rbGH. 
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The physiological mechanisms by which growth hormone (somatotropin) exerts its 
several metabolic activities remain poorly understood. In particular, there is dis- 
agreement as to whether the diabetogenic and lipolytic activities of the hormone are 
intrinsic properties of the molecule or are the result of contamination with other 
pituitary components. The availability of recombinant-DNA-derived bovine growth 
hormone (rebGH) presented an opportunity to compare the biological activities of 
rebGH and pituitary bGH in the absence of pituitary contaminants. Pituitary bGH 
and rebGH were immunologically identical in the radioimmunoassay for bGH, and 
good agreement was obtained for the potency of the latter measured by radioimmuno- 
assay (1.6 units/mg) and the dwarf-mouse bioassay (1.4 units/mg). The lipolytic 
activity in vitro was examined by measuring the release of glycerol from rat 
epididymal fat maintained in the presence of dexamethasone (0.2/ig/ml) and the 
material to be tested (0.1 and 0.2mg/ml). Although two preparations of pituitary 
bGH stimulated a significant (P < 0.0 1 ) increase in glycerol production, neither rebGH 
nor recombinant-DNA-derived chicken GH was lipolytic. However, when rebGH 
was intravenously injected into three sheep (0.15mg/kg), the increase in plasma non- 
esterified fatty acids was similar to that measured with the same dose of pituitary 
bGH. Insulin-tolerance tests were conducted in sheep before and after treatment with 
rebGH and pituitary bGH (four subcutaneous injections of 0.15mg/kg). Although the 
effect of rebGH was less than that of the pituitary hormone, both significantly impaired 
the ability of insulin to lower the concentration of plasma glucose. These data suggest 
that the lipolytic and diabetogenic activities of bGH are intrinsic properties of the 
molecule. However, the lipolytic activity may only become apparent after either 
modification of the molecule in vivo or activation of a lipolytic intermediate. 
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The expression of bGH with additional N- 
tenninal methionine by means of recombinant- 
DNA techniques has provided a potentially limit- 
less source of the hormone to stimulate milk 
production in domestic ruminants (Hart, 1983) and 
has renewed interest in the physiological mechan- 
ism(s) by which the hormone achieves this re- 
sponse. Close arterial infusion of bGH into the 

Abbreviations used: GH, growth hormone (somato- 
tropin); bGH, bovine GH; rebGH, recombinant-DNA- 
derived bGH; hGH, human GH; NEFA, non-esterified 
fatty acids; SDS, sodium dodecyl sulphate. 

Vol. 224 



mammary gland of goats and sheep failed to 
stimulate galactopoiesis (McDowell & Hart, 1983), 
and attention has turned to the possibility that the 
hormone partitions nutrients (glucose and triacyl- 
glycerols) away from tissue deposition and makes 
them available for milk synthesis by exerting its 
diabetogenic and lipolytic properties (Hart et a/., 
1978; Hart, 1983; McDowell et a/., 1983). How- 
ever, there has been considerable debate over the 
question of whether GH is intrinsically lipolytic 
and/or diabetogenic. 

The lipolytic activity of pituitary GH has been 
recognized since Lee & Schaeffer (1934) dis- 
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covered that growth-promoting extracts of the 
anterior pituitary depleted fat stored in rats. As 
purer preparations of the hormone became avail- 
able, this property of GH underwent considerable 
investigation to determine the role of GH in fat 
metabolism [see Goodman & Schwartz (1974) and 
Rao & Ramachandran (1977) for reviews]. More 
recently, evidence has accumulated to suggest that 
the pure hormone may not be lipolytic and that this 
activity is stimulated by either pituitary contamin- 
ants or cleaved forms of GH (Salaman, 1972; Assa 
& Laron, 1977; Schleyer & Voigt, 1977; Frigeri, 
1980; Frigeri et al, 1982, 1983). 

Raben & Westermeyer (1952) were among the 
first to suggest that pig GH could be prepared 
without diabetogenic activity, and more recently 
homogeneous forms of hGH and bGH have been 
prepared which had markedly decreased diabeto- 
genic activity (Lewis *f a/., 1977; Hart et al, 1984). 
Lewis et ai (1977) partially purified a diabetogenic 
component from crude hGH (Af r <5000), and 
furthermore were able to convert non-diabetogenic 
hGH into a diabetogenic form by proteolytic 
cleavage, thereby suggesting that the active mate- 
rial is a modified form of GH. This contention is 
supported by the fact that short sequences of hGH 
have been found to be diabetogenic in rats and 
rabbits (Lostroh & Krahl, 1976; Bornstein, 1978). 

The availability of rebGH presented a unique 
opportunity to examine the biological properties of 
the hormone in the absence of contamination with 
other pituitary factors and to gain additional 
information on the heterogeneous nature of the 
molecule. 

Materials and methods 

Preparation of recombinant- DNA-derived bovine 
growth hormone 

Bovine GH was expressed in Escherichia coli by 
using a recombinant plasmid (414 Syn, bGH 22) 
which contained a synthetic copy of the bGH gene 
under the transcriptional control of an E, coli 
tryptophan promoter (L. Souza, unpublished 
work). 

A 40 g batch of the E. coli ceils containing the 
rebGH was suspended in 200ml of buffer (20 mM- 
Tris/HCl/SOmM-NaCl, pH7.5) and was disrupted 
by three passages through a Gaulin homogenizer. 
The broken cells were centrifuged (IQOOg for 
15min at 4°C), and the pellet was resuspended in 
50ml of distilled water, to which 50mi of acetic 
acid was added over a period of lOmin. The 
mixture was stirred for 3h and then centrifuged 
(60000^ for 30min at 4°C). The rebGH in the 
supernatant was purified by gel chromatography 
on a column (5 cm x 95 cm) of Sephadex G-75 
which was equilibrated with acetic acid (10%, v/v). 



The fractions containing rebGH were pooled, 
dialysed against distilled water and redialysed 
against glycine/HCl (0.01 M; pH3.6)/lactose 
(0.2%)/mannitol (0.2%). 

The rebGH was similar to preparations of 
recombinant-DNA-derived hGH in that it pos- 
sessed an additional methionine residue at the JV- 
terminus (Goeddel et at., 1979). Furthermore, it 
possessed leucine at position 127. The integrity of 
rebGH was assessed by high-pressure liquid 
chromatography and SDS/polyacrylamide-gel 
electrophoresis in the presence and absence of 2- 
mercaptoethanol (Hart et al., 1984). 

Radioimmunoassay 

The rebGH was assessed in the radioimmuno- 
assays for ruminant GH (Hart et ai, 1975). and 
prolactin (Hart, ,1972) with modifications de- 
scribed by Tindal et al. (1982). 

Growth-promoting activity 

The growth-promoting activity of rebGH was 
measured with hypopituitary dwarf mice and the 
method described by Wallis & Dew (1973). 

Lipolytic activity (in vitro) 

This was examined by measuring glycerol 
production from rat epididymal fat which had 
been incubated for 4h in the presence of the test 
material and dexamethasone (Hart et al., 1984). 
The activity of rebGH was examined at two 
concentrations (0.1 and 0.2mg/ml) and compared 
with two preparations of pituitary bGH prepared 
by the method of Ellis (1961). A preparation of 
recombinant-DNA-derived chicken GH (Boone et 
al., 1983) was included in one of the experiments. 

Intravenous injection into sheep 

Four groups of three castrated male sheep (23- 
41kg) were individually ^housed in metabolism 
crates and fed on a diet of concentrates and hay ad 
libitum. The sheep were starved for 22 h before the 
start of the experiment, during which they were 
allowed access to water. On the day of the experi- 
ment, three blood samples (6 ml) were taken from a 
jugular catheter, inserted at least 24 h previously, 
and the stability of the pre-injection glucose values 
was immediately established with a Hypocount 
blood glucose monitor (Hypoguard Ltd., Wood- 
bridge, Suffolk, U.K.). Each animal was then 
injected, via the catheter, with 3 ml of the test 
material (0.15mg/kg) followed by 2 ml of sterile 
saline (0.9% NaCl). The treatments were as 
follows: group 1, glycine/HCl (0.01 M ; 
pH3.6) + lactose (0.2%) + mannitol (0.2%); group 
2, pituitary bGH dissolved in sterile saline (0.9%, 
pH 1 1.0), group 3, rebGH dissolved in glycine/HCl 
(0.01m; pH3.6) + lactose (0.2%) + mannitol 
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(0.2%); group 4, pituitary bGH dissolved as for 
group 3. The pituitary bGH had been prepared by 
the method of Ellis (1961) and its growth- 
promoting activity (1.6 units/mg) determined by 
the dwarf-mouse assay. Blood samples (5ml) were 
collected every 30min for 2h and then at Ih 
intervals for up to 9 h after the intravenous 
injection. 

The plasma was stored at -20°C before analysis 
for GH (Hart et al. y 1975; Tindal et al, 1982), 
glucose, urea and NEFA (Hart et al, 1978). Only 
selected samples were analysed for NEFA. 

Diabetogenic activity 

In this study the diabetogenic activity of rebGH 
was defined as its ability to impair insulin 
sensitivity in sheep as measured by the insulin- 
tolerance test. 

Intravenous insulin-tolerance tests were carried 
out in three groups of four castrated male sheep 
which had been pre-treated (0.15mg/kg injected 
subcutaneously twice daily for 2 days) with the. test 
material: group 1, pituitary bGH (1.6 units/mg) 
dissolved in sterile saline (0.9%, pH 1 1.0); group 2, 
pituitary bGH dissolved in glycine/HCl (0.01m; 
pH 3.6) + lactose (0.2%)+mannitol (0.2%); group 
3, rebGH dissolved as for group 2. The sheep, 
which had previously been fed ad libitum, were 
starved for 17 h before each insulin-tolerance test. 
On the morning of the test, four blood samples 
(3 ml) were taken at approx. lOmin intervals, from 
a jugular catheter which was inserted at least 24 h 
previously, and the stability of the pre-insulin 
glucose values was established with the blood 
glucose monitor. Bovine insulin (0.08 unit/kg, in 
2ml of sterile saline, 0.9%) was then injected via 
the catheter, followed by 2 ml of saline. Blood 
samples were taken at 8min intervals for 32min 
after the insulin injection, and the plasma was 
analysed for glucose by using a Chemlab contin- 
uous-flow analyser. Each test of experimental 
material was preceded, 2 days earlier, by an 
identical control insulin-tolerance test in which the 
goats had been pre-treated with the vehicle for 2 
days. Thus for each goat there was a comparison 
between the insulin-stimulated fall in blood glu- 
cose before and after treatment with the test 
material. 

Results 

SDS/ polyacrylamide-gel electrophoresis 

SDS/polyacrylamide-gel electrophoresis in the 
absence of 2-mercaptoethanol revealed the expect- 
ed heterogeneity of the pituitary bGH extracted by 
the salt precipitation technique of Ellis (1961) (Fig. 
1). There was a major component at M T 22000 and 
eight minor components ranging from M T < 16000 
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Fig. 1 . Approximate M r values for (a) pituitary bGH and 
(b) rebGH obtained by SDS/polyacrylamide-gel electro- 
phoresis 

SDS/polyacrylamide-gel electrophoresis was carried 
out in lOmM-imidazole/HCI buffer, pH7.0, at 
70mA and 0.8 V for 4 h. 



to 53000. The rebGH contained a similar major 
component at M T 22000 and three minor compon- 
ents with M T > 22000, which corresponded to 
similar bands in pituitary bGH. The rebGH 
contained no material of Af r < 22000. The high-M r 
components were almost absent when the same 
hormone was run in the presence of 2-mercapto- 
ethanol, thereby suggesting they were disulphide 
aggregates (results not shown). 

High-pressure liquid chromatography 

The results for the high-pressure liquid chroma- 
tography are illustrated in Fig, 2 and support the 
data obtained with SDS/polyacrylamide-gel 
electrophoresis. The rebGH contained no low-M r 
components (i.e. Af r <22000), but contained three 
hi gh-M r components (i.e. M T > 22000), two of 
which corresponded to those found by SDS/poly- 
acrylamide-gel electrophoresis. The pituitary bGH 
contained at least four peaks Of A/ r >22000 and a 
number of low-Af r (i.e. <22000) components. 

Radioimmunoassay 

When compared on a weight basis, serial 
dilutions of rebGH were parallel with the pituitary 
bGH standard (NIH-GH-B2; 1.5 units/mg) in the 
radioimmunoassay for bovine GH (Fig. 3). The 
potency of rebGH, derived from these data, was 
equivalent to 1.6 units/mg. In the radio- 
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Fig. 2. Approximate M r values for rebGH and pituitary 
bGH obtained by high-pressure liquid chromatography 
High-pressure liquid chromatography was per- 
formed with an Ultropac column (TSK 9 3000 S W ; 
7.5 mm x 600 mm) eluted with 0. 1 M-potassium phos- 
phate buffer, pH7.5, at a flow rate of 0.75ml/min. 
M T values are marked on the Figure. 



Fig. 3. Binding displacement characteristics, in the radio- ' 
immunoassay for ruminant GH (Hart et aL, 1975) 

, pituitary bGH (NIH-GH-B2; 1.5 units/mg); 

, rebGH. 
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Fig. 4. Effect of pituitary bGH and bGH and recombinant- DNA-derived chicken GH (recGH) on the release of glycerol from 

rat epididymal fat maintained in vitro 
Rat epididymal fat was incubated for 4h (37°C) with either buffer (control; □) or the material to be tested (0.1 or 
Wr \ m P resence of dexamethasone (0.2/ig/ml). Glycerol was analysed by the Boehringer fully enzymic 
™.» nlT 6 / atS/treatment for (a) and 5 "-ats/treatment for {b)\. Results are means ±s.e.m.: "P< :0.0I and 
P< 0.001, for comparison of treatment with control, by Student's t test for paired observations 
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Table 1 . Growth-promoting activity of recombinant-DNA-derived bovine GH as determined by the hypopituitary-dwarf- 

mouse assay 

The method of Wallis & Dew (1973) was used for the dwarf-mouse assay. Index of precision (X) was 0.34 and the 95% 
fiducial limits of potency were 1.13-2.01. Results are means ±s.e.m. for eight mice. 

Treatment Weight gain Potency 
(/ig/day) (g) (units/mg) 

Control (saline) 0.12 + 0.11 

Standard 5 2.05 + 0.21 

Bovine pituitary GH (NIH-GH-B5; 1.0 unit/mg) 20 2.95 ±0.32 

80 3.75 + 0.19 

Recombinant-DNA-derived bovine GH 10 2.68 + 0.25 1.4 

40 3.48 + 0J0 
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immunoassay for bovine prolactin, rebGH caused 
no displacement of 125 I-prolactin when tested at 
concentrations as high as 12.8jzg/ml. 

Growth-promoting activity 

The results of the hypopituitary-dwarf-mouse 
assay are given in Table 1 and show that rebGH 
had a biological activity of 1.4 units/mg. 

Lipolytic activity (in vitro) 

Fig. 4(a) shows the effect of rebGH (0.1 mg/ml) 
and of pituitary bGH (ICH/bGH/5; 1.2 units/mg; 
0.1 mg/ml) on glycerol release from rat epididymal 
fat maintained in vitro. Fig. 4(b) illustrates a similar 
comparison using another preparation of pituitary 
bGH (ICH/bGH/12; 1.5 units/mg) and recombin- 
ant-DNA-derived chicken GH, but the concentra- 
tion of rebGH was increased to *0.2mg/ml of 
medium. Vaughan (1962) had previously estab- 
lished that glycerol is not readily metabolized by 
rat adipose tissue, and thus its release can be taken 
as a reliable indication of the lipolytic activity of 
the material tested. Although both of the pituitary 
preparations stimulated a significant increase in 
glycerol production, neither the bovine nor the 
chicken recombinant-DNA-derived GH was lipo- 
lytic in vitro at the doses tested. 

Intravenous injection into sheep 

Single intravenous injection of three prepara- 
tions of bGH into sheep stimulated similar 
changes in circulating NEFA (Fig. 5). Pituitary 
bGH, dissolved in saline at pHll.O (group 2), 
stimulated a significant increase in plasma NEFA 
after 2h, which remained elevated for up to 7h. 
Similar responses were measured with rebGH 
(group 3) and pituitary bGH (group 4), which were 
dissolved in glycine/HCl, pH3.6, but in both cases 
the magnitude of the average rise in NEFA was 
considerably less than that measured in group 2 
(group 2, +0.66mM; group 3, +0.39niM; group 4, 
+0.36 mM at 2h after injection). The initial 
changes in plasma glucose were different in each 



Group 1 




1 2 3 4 56 789 

Time (h) 

Fig. 5. Effect of intravenous pituitary bGH and 
recombinant-DNA-derived bGH on the percentage change 
in plasma NEFA in sheep 
Four groups each of three sheep were intravenously 
injected with: group 1, glycine/HCl (0.01 m; 
pH 3.6)+ lactose (0.2%)+mannitol (0.2%); group 2, 
pituitary bGH (0.15mg/kg) in sterile saline (0.9%; 
pH 11.0); group 3, rebGH (0.15mg/kg) in glycine/ 
HCI (0.01 m; pH 3.6)+ lactose (0.2^+mannitol 
(0.2%); group 4, pituitary bGH (0.15mg/kg) dis- 
solved as for group 3. *P<0.05, **P<0.01, 
***?< 0.001, compared with the pre-injection 
value. 



group (Fig. 6). For groups 2 and 4, circulating 
glucose increased within 15min of injection and 
then declined to reach a trough after 60-90min. 
The sheep treated with rebGH (group 3) showed 
no initial rise in plasma glucose, but a small fall 
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Time (h) 

Fig. 6. Effect of intravenous pituitary bGH and recombin- 
ant -DNA-derived bGH on the percentage change in plasma 
glucose in sheep 
For details, see legend to Fig. 5. 



was noted 30min after treatment. Thereafter all of 
the group exhibited an increase in glucose such 
that, after 3h } the average concentration of each 
group was significantly higher than the average 
pre-treatment value (group 2, +0.67mM; group 3, 
+0.40mM; group 4, +0.44mM; P<0.QQ\). None 
of the preparations provoked significant changes 
in plasma urea. 

Diabetogenic activity 

Pre-treatment with pituitary bGH dissolved 
both in saline (pHll.O) and in glycine/HCl 
<(pH3.6) significantly decreased the insulin sensi- 
tivity of the sheep tested (Fig. 7; groups 1 and 2). 
The rebGH was also found to be diabetogenic 
(group 3), but, at the dosage used, its ability to 
inhibit the insulin-stimulated fall in plasma glu- 
cose was somewhat less than that of the pituitary 
hormone. 

Discussion 

The data obtained from the radioimmunoassay 
for ruminant GH clearly indicated that pituitary 
bGH and rebGH were immunologically 
indistinguishable with this antiserum. Further- 
more, the potency of rebGH, calculated from the 
radioimmunoassay (1.6 units/mg) was slightly 
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Fig. 7. Intravenous insulin-tolerance tests in sheep 
Intravenous insulin (0.08 unit/kg>tolerance tests 
were conducted in sheep (n = 4) before and after 
subcutaneous injection (0. 1 5 mg/kg, twice daily for 2 
days) of: group 1, pituitary bGH in sterile saline 
(0.9%, pH 1 1.0); group 2, pituitary bGH in glycine/ 
HC1 (0.01m; pH3.6) + lactose (0.2%) + mannitol 
(0.2%); group 3, rebGH dissolved as for group 2. 
Values are changes in plasma glucose concentra- 
tions (+S.E.M.). Statistics refer to a comparison of 
mean values at each time interval for the experi- 
mental treatment (»•'—) and the control ( — — ): 
tP<0.1, *P<0.05, ***P<0.001. 



higher than that of the pituitary bGH standard 
(NIH-GH-B2, 1 .5 units/mg), which has the highest 
biological activity of any bGH preparation distrib- 
uted under the programmes of the National 
Institute of Arthritis Metabolism and Digestive 
Diseases (Reichert & Wilhelmi, 1973, 1978). 
Allowing for the precision of the dwarf-mouse 
assay for growth-promoting activity, good agree- 
ment was obtained between the potency of rebGH 
calculated from the radioimmunoassay and that 
derived from the bioassay (1.4 units/mg). Similar 
agreement was obtained for recombinant-DNA- 
derived hGH (Goeddel et al., 1979; Olson et al, 
198 1). Research in rats has suggested that GH may 
be modified, both before and after secretion from 
the pituitary, to a form which either retains or has 
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enhanced growth-promoting activity but cannot be 
detected by radioimmunoassay (see Vodian & 
Nicoll, 1979, for references). The present data 
indicate that the rebGH used in the present study 
contains none of these modified forms of GH and, 
in terms of immunological and growth-promoting 
activites, is identical with the hormone normally 
extracted and purified from anterior pituitaries. 

The question of whether GH is intrinsically 
lipolytic or whether this activity is the result of the 
pituitary hormone being contaminated with either 
modified forms of GH or other pituitary hormones 
(e.g. thyrotropin, corticotropin, lipotropin) has 
occupied researchers for several years (Goodman 
& Schwartz, 1974; Rao & Ramachandran, 1977). 
Frigeh (1980) and Frigeri et al. (1983) found that 
highly purified pituitary hGH and bGH failed to 
stimulate glycerol production from epididymal fat 
or adipocytes taken from starved rats and that the 
lipolytic activity in vitro was associated with an 
acidic fraction which was removed during the 
chromatographic purification. They further 
demonstrated that recombinant-DNA-derived 
hGH was not lipolytic when incubated with rat fat 
in vitro (Frigeri et al., 1982). 

Our results, with two different recombinant- 
DNA-derived growth hormones, support those of 
Frigeri and co-workers. Neither of the prepara- 
tions increased glycerol production from rat epi- 
didymal fat maintained in vitro, whereas both of the 
pituitary preparations were markedly successful in 
that respect. Although it is possible that rat 
adipose tissue is insensitive to the lipolytic activity 
of highly purified bGH, it is more likely that these 
data support the contention that pituitary bGH, 
extracted by salt precipitation (Ellis, 1961), con- 
tains either modified lipolytic forms of bGH, 
which may be the result of proteolytic cleavage 
before or during extraction, or other lipolytic 
pituitary factors. In this respect it is relevant that 
the pituitary bGH used in this study contained low- 
M T components (i.e. <22000), which were absent 
from rebGH. Furthermore, it has been shown that 
commercially available preparations of hGH con- 
tain substantial quantities of /?- and a-lipotropin 
(Kuhn et al, 1983). 

Intravenous injection of pituitary bGH stimu- 
lated a rise in plasma NEFA which was similar to 
that previously found by others (Williams et al., 
1963; Bassett & Wallace, 1966), although the 
lipolytic activity appeared to be decreased when 
the hormone was dissolved at the lower pH. The 
fact that intravenous rebGH increased circulating 
NEFA in a manner similar to that of the same dose 
of pituitary hormone suggests two alternatives. 
Either bGH is directly lipolytic and the molecule is 
converted into a lipolytic form in vivo, or the 
hormone stimulates/facilitates the activity of a 
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lipolytic intermediate. The former is an attractive 
possibility, as Pankov et al. (1982) have indicated 
that hGH may have to be proteolytically cleaved 
before it is able to increase plasma NEFA in 
rabbits, and evidence has subsequently been 
obtained to suggest that bGH is modified before it 
can inhibit the activity of acetyl-CoA carboxylase 
and thus fatty acid synthesis (Bornstein et al., 

1983) . 

It should be noted that our results and those of 
Frigeri et al. ( 1 982) do not agree with data obtained 
by Goodman & Grichting (1983) and Goodman 
(1984), who demonstrated an increase in glycerol 
production from rat epididymal fat maintained 
in vitro with both highly purified hGH and 
recombinant-DNA-derived hGH. It is difficult to 
account for these disparate results; a possible 
explanation might be that the last group used fed 
rats in their studies, whereas the other two groups 
used rats which had been starved for 48 h. Ruiz et 
al. (1981) have shown that the lipolytic response 
of rat tissue can be influenced by prior feeding, 
and recombinant-DNA-derived hGH was found 
to stimulate lipolysis weakly in fat taken from fed 
rats, but the response was not dose-related (Frigeri 
etai, 1982). 

Similar controversy surrounds the diabetogenic 
activity of bGH (Lewis et al, 1980). The changes 
in plasma glucose after intravenous injection of 
pituitary bGH and rebGH into sheep, combined 
with the results of the insulin-tolerance test, 
conclusively indicated that, although the diabeto- 
genic activity of rebGH may be slightly decreased, 
the hormone can be regarded as intrinsically 
diabetogenic. This agrees with data in which the 
diabetogenic activity of recombinant-DNA-der- 
ived hGH was examined by using oral glucose- 
tolerance tests in humans (Rosenfeld et al, 1982). 
The plasma glucose response to the intravenous 
injection of pituitary bGH 4 was similar to that 
found by Bassett & Wallace (1966). It was note- 
worthy that the increased plasma glucose was 
associated with the decreased insulin tolerance. In 
other experiments, in which non-diabetogenic 
forms of bGH have been examined (Hart et al., 

1984) , neither of these responses occurred (I. C. 
Hart, unpublished work), which suggests that the 
increased circulating glucose is the result of a 
decrease in the rate of its uptake by body tissues 
rather than the hormone stimulating glycogen- 
olysis or gluconeogenesis. 

The lack of a technique in vitro for examining 
diabetogenic activity prevented us from obtaining 
further information on the form of the hormone 
which stimulates this response. However, the 
conversion of the molecule into a diabetogenic 
peptide is a likely possibility, as short sequences of 
hGH are diabetogenic in rats and rabbits (Lostroh 
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& Krahl, 1976; Bornstein, 1978). Furthermore, 
Lewis et al. (1977, 1980) have increased the 
diabetogenic activity of purified hGH by proteo- 
lytic cleavage with subtilisin and have partially 
purified a diabetogenic component from crude 
hGH which has a M T of less than 5000. The present 
data do not support the contention that GH can be 
purified to the point where it is no longer 
diabetogenic in vivo. Preparations of hGH and bGH 
have been isolated which were growth-promoting 
but exhibited no diabetogenic activity in three 
different test systems in vivo (Lewis et ai, 1977* 
Hart ex ai, 1984). Although both preparations had 
the physical and chemical properties of monomeric 
GH, the possibility should now be considered that 
they may have undergone conversion into a non- 
diabetogenic form of the hormone either before or 
after extraction from the pituitary. 

In "conclusion, these results show that the 
lipolytic and diabetogenic properties of bGH are 
not the result of contamination with other pituitary 
factors, but are derived from the bGH molecule. It 
remains to be seen whether the activities are 
stimulated by bGH itself, or by protedlytically 
cleaved forms of the molecule, or whether the 
hormone activates lipolytic or diabetogenic inter- 
mediates in vivo. 
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The heterogeneity of bovine growth hormone 

Extraction from the pituitary of components with different biological and immunological properties 
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Bovine growth hormone (somatotropin) was extracted from anterior pituitaries and 
fractionated into four protein peaks (A-D) by chromatography on DEAE-Sephacel. 
Analysis by high^pressure liquid chromatography and sodium dodecyl sulphate/poly- 
acrylamide-gel electrophoresis indicated that the homogeneity of the material 
increased from fraction A through to D. The properties of the fractions were 
examined in the following manner: immunological activity (radioimmunoassays for 
ruminant growth hormone and prolactin); growth-promoting activity (rat tibia test); 
lipolytic activity (release of glycerol from rat epididymal fat in the presence of 
dexamethasone) ; diabetogenic activity (rate of glucose transport in epididymal fat of 
hypophysectomized rats and intravenous insulin-tolerance tests in goats). None of the 
fractions contained immunoreactive prolactin and all were equally lipolytic. 
Although fraction A contained a small quantity of immunoreactive growth hormone 
it had no growth-promoting or diabetogenic activities. Both fractions B and C were 
diabetogenic and contained high concentrations of immunoreactive growth hormone, 
consistent with their growth-promoting activity. Although the growth-promoting 
activity of fraction D was higher than that of the other three fractions, it was not 
diabetogenic and was only weakly immunoreactive. These results for bovine growth 
hormone support the contention that growth hormone, as commonly extracted, is a 
mixture of different molecular forms and that these different metabolic properties of 
the hormone might be explained in terms of this heterogeneity. 



It has been known for decades that the sub- 
cutaneous injection of bovine GH, of variable 
quality, increases milk yield in cows, goats and 
sheep (Cowie et a/., 1980). However, it is still not 
known how the hormone exerts its galactopoietic 
effect. One possibility is that the hormone stimu- 
lates lipolysis and/or partitions nutrients away 
from tissue deposition, thereby increasing the 
supply of triacylglycerols and glucose to the 
mammary gland for the synthesis of additional 
milk (Hart et aL, 1978; Hart, 1983). Extensive 
work with human GH has established that the 
hormone, as commonly prepared, is not a single 
molecular entity but a mixture of variants often 
differing in their biological and immunological 
activities. By the use of an ion-exchange and gel- 
chromatographic techniques human GH has been 
pared with neither diabetogenic nor lipolytic 
awtivities (Lewis et aL, 1980; Frigeri, 1980). 

Abbreviation used: GH, growth hormone 
^^(somatotropin). 



Preliminary investigations with the bovine hor- 
mone suggested that it might be similarly hetero- 
geneous and that differences in biological activity 
might be expected (Manchester & Wallis, 1963; 
Swislocki et aL, 1971 ; Assa & Laron, 1977). None 
of these studies included an examination of the 
immunological and diabetogenic activities of the 
hormone. 

The present work describes the fractionation of 
a crude bovine anterior-pituitary extract into pre- 
parations that vary in their immunological and 
biological (growth-promoting, lipolytic, diabeto- 
genic) properties, with a view to eventually testing 
the effects of these materials on aspects of inter- 
mediary metabolism and milk yield in ruminants. 

Materials and methods 

Extraction and fractionation 

The extraction and fractionation of the pitu- 
itaries was based on the method of Wallis & Dixon 
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(1966) for the chromatographic preparation of 
bovine GH. 

Approx. lOOg of frozen bovine anterior pitu- 
itaries was partially thawed, homogenized with 
300ml of buffer (0.25M-NaCl/6.5mM-Na 2 B 4 O 7 / 
5.5mM-HCl buffer, pH8.7) and stirred for 3h in 
an ice bath. The extract was centrifuged (lOOOO^ 
for 30min at 4°C) and the supernatant retained. 
The residue was ground with sand, re-extracted 
for a further 1 h in 200ml of the same buffer and 
centrifuged as before. The combined supernatants 
were then centrifuged (15000^ for 30min at 4°C), 
diaiysed against six changes of borate/HCl buffer 
(6.5mM-Na 2 B 4 0 7 /5.5mM-HCl buffer, pH8.7).and 
frozen overnight. 

After centrifugation (30000# for 30min at 4°C) 
the thawed extract was chroma tographed on a 
column (50cm x 19.6cm 2 ) of DEAE-Sephacel 
(Pharmacia Fine Chemicals)^ equilibrated with 
borate/HCl buffer and maintained at 4°C. Elution 
was continued with this buffer at a flow rate of 
HOml/h, and 17ml fractions were collected. 
Measurements of the absorbance at 280 nm 
showed four protein peaks (fractions A-D; Fig. 1). 
The contents of the tubes within these peaks were 
combined, diaiysed against three changes of 
distilled water and freeze-dried. 

Sodium dodecyl sulphate / polyacrylamide -gel 
electrophoresis 

The method was based on the procedure of 
Shapiro et ai (1967) as modified by Weber & 
Osborn (1969), and used a lOmM-imidazole/HCl 
buffer, pH7.0, instead of the phosphate system, to 
shorten the separation time. 

Electrophoresis was carried out on a horizontal 
thin-layer gel (10% acrylamide) in an LKB 2117 
Multiphor apparatus with controlled cooling (5°C) 
at a constant current of 70mA and a voltage of 
0.8 V for 4h. Approx. 20 jig of protein was applied 
to each well, and cross-linked haemoglobin (M T 
16000-64000; Sigma Chemical Co.) was run as a 
standard. Gels were stained for 15h with 0.1% 
Coomassie Blue R250. 

High-pressure liquid chromatography 

High-pressure liquid chromatography was per- 
formed with an Altex 100 A solvent-delivery 
system coupled to a Pye PV4020 ultraviolet 
detector. Separation was carried out on an Ultra- 
pac column (TSK G 3000 SW; 7.5mm x 600mm; 
LKB Instruments), which was eluted with 0.1m- 
potassium phosphate buffer, pH7.5, at a flow rate 
of 0.75ml/min. M r calibration was achieved with a 
Dalton Mk. VI protein solution (Sigma Chemical 
Co.). Material (75//g) was dissolved in dilute 
NaOH, pH9.6 (300/iI), and 20/il samples were 
used for each analysis with detection at 210nm. 
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Radioimmunoassay 

The immunological activity of the material was 
assessed by using radioimmunoassays specific for 
bovine prolactin (Hart, 1972) or GH (Hart et ai, 
1975), with modifications described by Tindal et. 
ai (1982). 

Growth-promoting activity 

Growth-promoting activity was measured by the 
rat tibia test (Greenspan et ai, 1949) as modified 
by Li (1977), and employed bovine GH (NIH-GH- 
B15; 0.69 units/mg) as the standard preparation. 
Male Sprague-Dawley rats were obtained from 
Olac (Bicester, Oxon, U.K.) and hypo- 
physectomized by the sterotaxic transauricular 
route (Gay, 1967) at approx. 120g body wt. 

Lipolytic activity 

The lipolytic activity was evaluated in vitro by 
using epididymal fat-pads from Sprague-Dawley 
rats (I50-180g). The rats were starved for 48 h 
before being killed by cervical dislocation. Both rat 
pads (approx. 250mg each) were removed, rinsed 
in 0.9% NaCl at 37°C, blotted and weighed and 
each was placed in separate siliconized conical 
flasks (25 ml) containing 1ml of KRB buffer 
(Krebs-Ringer bicarbonate buffer pH7.4; Paul, 
1965) containing bovine serum albumin (fraction 
V, fatty acid-free; Sigma Chemical Co.) (40mg/ml) 
and dexamethasone (0.22/zg/ml). The material to 
be tested was dissolved in KRB buffer containing 
bovine serum albumin, and the addition of 0.1ml 
to the experimental flask gave a final concen- 
tration of O.lmg/ml of medium. The other flask 
was used as a control (0.1ml, KRB buffer con- 
taining bovine serum albumin), and both flasks 
were incubated for 4h in a shaking water bath 
(37°C) in an atmosphere of 0 2 /C0 2 (19:1). 
Samples of medium for glycerol analysis were 
removed from all flasks both before and after 
incubation (Boehringer, fully enzymic method). 
Each test was replicated five times, and signifi- 
cance was determined by the Student's /-test for 
paired observations. 

Diabetogenic activity 

In the context of this study diabetogenic activity 
is defined as the ability of the test material (a) to 
decrease the rate of glucose transport in adipose 
tissue taken from hypophysectomized rats and (b) 
to impair insulin-sensitivity in goats as measured 
by the insulin-tolerance test. 

(a) The effect of the material on glucose 
transport was measured by using a method similar 
to that of Zapf et ai (1981), with the rate of efflux 
of non-metabolizable glucose from adipose tissue 
being used as an indication of changes in glucose 
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transport (Clausen, 1969). Male Sprague-Dawley 
rats (body wt. lOOg) were hypophysectomized and 
used only if their body weight did not increase by 
more than 7g in 3 weeks. Each rat received 0.9% 
NaCl (control) or the test material dissolved in 
0.9% NaCl (100/ig/0.2ml per day, subcutaneously) 
for 3 days before being killed by cervical disloca- 
tion. Both epididymal fat-pads (approx. 150mg) 
were incubated for 70min at 37°C in a siliconized 
scintillation vial (20 ml) containing 3 ml of KRB 
buffer containing bovine serum albumin 
(I5mg/ml), pH7.4, and 3OmM-3-0-[U- 14 C]methyl- 
glucose (6/iCi; Amersham International). After 
preincubation the pads were rinsed over gauze 
(8 ml of KRB buffer containing bovine serum 
albumin at 37°C), blotted and re-immersed in 3 ml 
of fresh KRB buffer containing bovine serum 
albumin and unlabeled 30mM-3-O-methylglucose 
(Sigma Chemical Co.). After lOmin the pads were 
separated from the medium, rinsed and blotted as 
before, and transferred to another 3 ml of KRB 
buffer containing bovine serum albumin and 3-0- 
methylglucose. Samples (0.1ml) of incubation 
medium were taken from the vials at 5, 10, 20, 30 
and 40min intervals, pipetted into 5 ml of Instagel 
(Packard Instrument Co.) and their radioactivities 
counted in a liquid-scintillation counter. Im- 
mediately after the 40min sample had been taken, 
the fat-pads were separated from the medium, 
rinsed with 20ml of 0.9% NaCl at 37°C, blotted 
and homogenized in 1 ml of 1 M-NaOH. The fat 
was digested by heating for 30min in a boiling- 
water bath, .cooled in ice, neutralized with 1 ml of 
1 M-HC1 and centrifuged (2QQQg for 30min at 4°C). 
A sample (0.5 ml) of infranatant was removed with 
a syringe, added to 5 ml of Instagel and its radio- 
activity counted. 

All values were expressed as the ratio of the 
radioactivities present in the incubation medium 
at time t (c.p.m.,) to the total radioactivity 
(c.p.m MOta i) present in the medium and tissue at the 
end of the incubation. This ratio was subtracted 
from unity (1.0) such that at every time interval 
this difference reflects the fraction of the total 
radioactivity released into the medium. 

(b) Intravenous insulin-tolerance tests ( were 
carried out in castrated male goats (body wt. 
approx. 40 kg) that had been pretreated with the 
test material dissolved in 0.9% NaCl (0.15mg/kg 
injected subcutaneously twice daily for 3 days). 
The goats, which had previously been fed ad 
libitum, were starved for 19 h before each insulin- 
tolerance test. On the morning of the test three or 
four blood samples (5ml) were taken at 10-I5min 
intervals from a jugular catheter, inserted at least 
24 h previously and the stability of the pre-insulin 
glucose values was immediately established with a 
HypoCount blood glucose monitor. Bovine insulin 



(0.08 unit/kg in 2 ml of sterile 0.9% NaCl) was then 
injected via the catheter followed by 2 ml of 0.9% 
NaCl. Further blood samples were taken at lOmin 
intervals for 30min after the insulin injection, and 
the plasma was analysed for glucose with a 
Chemlab continuous-flow analyser. Each test of 
experimental material was preceded by a control 
insulin-tolerance test in which the goats had been 
injected for 3 days with sterile 0.9% NaCl. 

Results 

Extraction and fractionation 

Fig. 1 shows the elution pattern obtained after 
fractionation of the anterior-pituitary extract on 
DEAE-Sephacel. On occasions the separation of 
peaks C and D was less distinct, but they were still 
readily discernible. 

Sodium dodecyl sulphate / polyacrylamide-gel 
electrophoresis 

Sodium dodecyl sulphate/polyacrylamide-gel 
electrophoresis in the presence of 2-mercapto- 
ethanol revealed a single component in five 
preparations of fraction D and an additional band 
at A/ r 44000 in two further preparations. There 
were three components in fractions C and D, eight 
components in fraction A and four components in 
a crude preparation of bovine GH (bGH5) that 
was prepared by the method of Ellis (1961) and 
included for comparison. The estimated M T values 
of these components are shown in Fig. 2. The 
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Fig. 1 . Elution profile of bovine anterior-pituitary extract 
on DEAE-Sephacel 

The column (50cm x 19.6cm 2 ; 4°C) was eluted with 
% 6.5rnM-Na 2 B 4 0 7 /5.5mM-HCl buffer, pH8.7, at a 

flow rate of 1 lOml/h, 17 ml fractions being collected. 
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Fig. 2. Approximate M r values obtained by sodium dodecyl sulphate I polyacrylamide-gel electrophoresis 
Sodium dodecyi suiphate/polyacryiamide-gcl electrophoresis was carried out in lOmM-imidazole/HCl buffer. 
pH7.0, at 70mA and 0.8 V for 4h. A diagram of the electrophoretograms is shown as well as the photograph or 
which it is based. K 



22000-Af, band was present to a greater or lesser 
extent in all of the fractions. 

High-pressure liquid chromatography 

The results of the high-pressure liquid- 
chromatographic analysis are illustrated in Fig. 3; 
the lowest M T capable of resolution with this 
system is 20000. Although high-pressure liquid 
chromatography and sodium dodecyl sulphate/ 
polyacrylamide-gel electrophoresis revealed simi- 
lar degrees of heterogeneity for the four fractions, 
there was disparity between the M T values of the 
individual components. Fraction A was the most 
heterogeneous, having several components with 
M f values ranging from less than 20000 to 94000. 
As with the sodium dodecyl sulphate/polyacryi- 
amide-gel-electrophoresis data, fractions B and C 
appeared to be identical, with four components at 
M T < 20000, 22000, 38000 and 96000. Fraction D 
exhibited only one peak, at Af r 22000. It is worth 
noting that the two preparations of fraction D that 
exhibited an additional band with sodium dodecyl 
sulphate/polyacrylamide-gel electrophoresis were 
found with high-pressure liquid chromatography 
to contain four components with Af r values ranging 
from 100000 to < 20000. 

Radioimmunoassay 

Serial dilutions of fractions A, B, C and D were 
parallel with the bovine GH standard (NIH-GH- 
B2; 1.5 units/mg) in a specific radioimmunoassay 
(Fig. 4). The assay shown is less sensitive than 
usual, as the pre-incubation step was omitted. 
None of the peaks contained immunoreactive 
prolactin when tested in the radioimmunoassay at 
concentrations up to 12.8/ig/ml. 
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Fig. 3. Approximate M r values obtained by high-pressure 
liquid chromatography 
High-pressure liquid-chromatographic separation 
was achieved with an Ultropac column (TSK 9 3000 
SW ; 7.5mm x 600mm) and eluted with 0. 1 M-potas- 
sium phosphate buffer pH7.5, at a flow rate of 
0.75ml/min. M T values are marked on the Figure. 
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Gro wth- promoting activity 

Growth-promoting activity tended to increase 
from fractions A to D (Table 1). The activity of 
fraction A was low, and the variation between 
measurements precluded an accurate deter- 
mination of potency. The relative potencies of the 
fractions, calculated from the radioimmunoassay 
inhibition curves (Fig. 4), are given in Table 1 for 
comparison. Although there was agreement be- 
tween the bioassay and the radioimmunoassay 
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Fig. 4. Binding-displacement characteristics in the radio- 
immunoassay for ruminant GH {Hart et aL, 1975) 

, Bovine GH (NIH-GH-B2; 1.5 units/mg); 

, fraction A; , fraction B; , fraction 

C; , fraction D. 



values for fractions B and C, there was clearly a 
discrepancy between the high potency value 
obtained by the rat tibia test for fraction D and the 
low value measured by radioimmunoassay. 

Lipolytic activity 

Table 2 lists the lipolytic activity of fractions A- 
D compared with adrenaline (2/iM) and with 
bovine GH (NIH-GH-B15; 0.69 units/mg) pre- 
pared by a salt precipitation technique. Since 
glycerol is not readily metabolized by rat adipose 
tissue, its release can be taken as a reliable 
indication of the lipolytic activity of the material 
tested (Vaughan, 1962). All the preparations 
significantly increased glycerol production in the 
presence of dexamethasone over a 4h period. The 
lipolytic activities of fractions A-D were of the 
same order as that of bovine GH, but all were less 
active than adrenaline at the dosage tested. There 
was a tendency for the lipolytic activity to increase 
from fraction A to fraction D, but the additional 
glycerol produced by fraction D was not signifi- 
cantly greater than that stimulated by fraction A. 

Diabetogenic activity 

(a) Glucose transport. Fig. 5 demonstrates that 
there was no significant difference in basal glucose 
transport in the epididymal fat of hypo- 
physectomized rats pretreated with saline or 
fractions A and D. However, subcutaneous injec- 
tion of bovine GH (NIH-GH-B 18) and fractions B 
and C lowered the rate of 3-O-methylglucose efflux 
as compared with the controls. At each time 



Table 1. Growth-promoting and immunological activities of fractions A-D as measured by the rat tibia test and 

radioimmunoassay 

Radioimmunoassay values were measured against bovine GH (NIH-GH-B2; 1.5 units/mg; Fig. 2). The method of 
Greenspan et aL (1949) as modified by Li (1977) was employed for the rat tibia test. Index of precision for the rat 
tibia test was 0.46. 

Potency (units/mg)t 





Dose 


No. of 


Width of tibial 




> 




(//g/4 days) 


rats 


cartilage (//m)* 


Rat tibia test 


Radioimmunoassay 


Bovine GH (NIH-GH-B15) 


Control 


10 


76 + 3.4 








20 


10 


114 + 4.3 








80 


12 


181+4.9 








320 


9 


269 + 5.2 






Fraction A 


40 


8 


82 + 7.6 


Low 


0.25 (0.19-0.35) 




160 


7 


114+11.4 






Fraction B 


40 


8 


156 + 4.7 


0.86 (0.59-1.31) 


0.97 (0.81-1.28) 




160 


8 


255 + 5.6 






Fraction C 


20 


7 


140 + 4.3 


1.29 (0.94-1.85) 


1.00 (0.84-1.33) 




80 


8 


210 + 6.1 






Fraction D 


20 


7 


150 + 5.1 


1.51 (1.01-2.01) 


0.29 (0.24-0.37) 




80 


7 


222 + 4.0 







* Means + s.E.M. 

t Numbers in parentheses refer to 95% fiducial limits of potency. 
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Table 2. Effect of bovine GH t adrenaline and fractions 4-D on the release of glycerol from rat epididymal fat in vitro 
Rat epididymal fat was incubated for 4h (37°C) with either buffer (control) or the material to be tested in the 
presence of dexamethasone (0.2/ig/mI). Glycerol was analysed by the Boehringer fully enzymic method (n = 5 rats/ 
treatment). 

Glycerol release 
(/*moI/4h per g)* 
Concn. in f * ^ Increase above 



Fraction medium Control Treatment control (%) />f 

Adrenaline 2jiM 3.4 + 0.52 9.7 + 0.40 185.3 <0 001 

Bovine GH (NIH-GH-B 15) O.lmg/ml 4.6 + 0.35 8.7 + 0.70 . 89.1 <0.01 

Fraction A O.lmg/ml 5.4 + 0.18 8.9+ 1.11 64.8 <0.01 

Fraction B O.lmg/ml 4.6 + 0.70 8.5 + 0.81 84.7 <0.01 

Fraction C O.lmg/ml 4.7 + 0.62 9.4 + 0.61 100.0 <0001 

Fraction D O.lmg/ml 3.5 + 0.48 7.3 + 0.52 108.5 <001 



* Means + S.E.M. 

t Comparison of treatment with control. 



1.0 r . 




~* 1 — 1 l 

10 20 30 40 

Time (min) 



Fig. 5. Glucose transport in fat from hypcphysectomized 
rats 

Hypcphysectomized male rats were pretreated for 
3 days (100^g/0.2ml per day) with bovine GH 

(NIH-GH-B18; 0.81 unit/mg; ), fraction A 

( )> fraction B ( ), fraction C ( ), 

fraction D ( ) or 0.9% NaCI ( ) 

(n = 5). The epididymal fat was loaded with 
3-0-[U- u C]methylglucose and the rate of efflux was 
measured throughout a 40min period. 



interval the efflux for each of these treatments was 
significantly less than that of the controls at P 
levels of <0.05 by the paired Mest. 

(b) Insulin-tolerance test. Preparations that low- 
ered the rate of glucose transport in adipose tissue 
from hypophysectomized rats also caused a 
marked decrease in insulin-sensitivity at the 
dosages tested (Fig. 6). Pretreatment with bovine 



GH and fractions B and C significantly diminished 
the fall in plasma glucose concentration that 
occurred after insulin injection in the saline- 
treated controls. When the goats were treated with 
fractions A and D, the post-insulin fall in glucose 
concentration was similar to that found after the 
control period. 

Discussion 

The present results lend further support to the 
concept, based largely on work with the human 
hormone, that GH, as commonly extracted, is a 
mixture of different molecular forms and that the 
different properties of these forms might explain 
the multiple metabolic activities of the hormone 
(Lewis et a/., 1980). 

The ^jso profiles resulting from chromato- 
graphy of the bovine anterior-pituitary extracts 
were similar to those obtained by Wallis & Dixon 
(1966). However, the use of DEAE-Sephacel 
instead of DEAE-cellulose clearly improved the 
separation and made it easier to distinguish the 
four protein peaks. 

The results from sodium dodecyl sulphate/poly- 
acrylamide-gel electrophoresis and high-pressure 
liquid chromatography agreed in some respects but 
not in others. Both techniques indicated that frac- 
tion A was markedly heterogeneous in comparison 
with the other three fractions and that fractions B 
and C contained proteins of similar M T values. Al- 
though the 22000-Af r component was present in all 
of the fractions, the methods did not agree with 
respect to the M T values of the other components in 
each of the four preparations. We have no. 
explanation for these differences beyond the pos- 
sibility that the same proteins migrated at different 
rates in the two systems or that the different con- 
ditions of analysis caused some of the proteins to 
dissociate or aggregate. It seems likely that the 
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Fig. 6. Intravenous insulin- tolerance tests in goats 
Tolerance tests towards intravenous insulin (0.08 
unit/kg) were conducted in goats both before and 
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additional components found in two preparations 
of fraction D were due to incomplete chromato- 
graphic separation of fraction D from the other 
material. More-limited studies with the use of con- 
ventional polyacrylamide-gel electrophoresis and 
polyacrylamide-gel isoelectric focusing also sup- 
ported the conclusion that fraction D was the most 
homogeneous (I. C. Hart & S. James, unpublished 
work). 

Parallel inhibition curves were obtained in the 
radioimmunoassay for ruminant GH and thereby 
indicated that all of the fractions contained 
immunoreactive bovine GH, and, when compared 
on a weight basis, fractions B and C contained the 
most-immunoreactive material. The absence of 
immunoreactive prolactin is significant both in 
terms of the diabetogenic activity of the material 
(see below) and because most preparations of 
sheep and bovine GH obtained by salt precipita- 
tion contain 1-5% immunoreactive prolactin 
(Hart, 1972; I. C. Hart, unpublished work). Thus 
use of this chromatographic procedure for extract- 
ing bovine GH yields products that are free of this 
major hormonal contaminant. 

Results from the rat tibia test agreed with those 
obtained by measuring the weight gain of hypo- 
physectomized rats (Wallis & Dixon, 1966), in that 
both bioassays detected a tendency for growth- 
promoting activity to increase from fractions A 
through to D. Others have used crude bovine GH 
to prepare fractions that differ in growth-promot- 
ing activity (Manchester & Wallis, 1 963 ; Dellacha 
& Sonenberg, 1964). 

The discrepancy between the potency values 
calculated for fraction D from the rat tibia test and 
the radioimmunoassay was consistent for all pre- 
parations examined, and was of interest as this was 
the most homogeneous material. Experiments in 
rats have shown that there was good agreement 
between bioassay and radioimmunoassay esti- 
mates of GH potency when the pituitaries were ob- 
tained during a resting state of hormone secretion, 
but this relationship disappeared when the hor- 
mone was measured in pituitaries stimulated to 
secrete GH (Daughaday et a/., 1968; Muller et a/., 
1970). Similar discrepancies between bioassayable 
and radioimmunoassayable GH have been found 



after subcutaneous injection (0.15mg/kg, twice 
daily) of (a) bovine GH (NIH-GH-B18; 0.81 
unit/mg), (b) fraction A^ (c) fraction B, (d) fraction C 
and {e) fraction D (n = 3). Values are changes in 
plasma glucose concentrations ( + S.E.M.). Statistics 
refer to a comparison of mean values at each time 
interval for the experimental treatment (O) and 
control (#). Statistical significance of difference: 
*/ > <0.05; **/ > <0.01; ***i > <0.001. 
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by others, and have prompted the suggestion that, 
after suitable stimulation, rat GH may be modi- 
fied, before or after secretion, to a form that either 
retains or has enhanced growth-promoting activity 
but is not identified by antibodies raised against 
the purified pituitary hormone (Singh et al., 1974; 
Vodian & Nicoll, 1976, 1977; Ellis et a/., 1978). 
The divergent results obtained by radioimmuno- 
assay and bioassay for fraction D suggest that a 
similar situation might exist for the bovine 
hormone. 

Extraction and fractionation of pituitary ex- 
tracts on DEAE-Sephacel failed to produce bovine 
GH that lacked lipolytic activity. The activity of 
each fraction was comparable with that of bovine 
GH produced by the method of Ellis (1961). It is 
unlikely that the lipolytic activity of the fractions 
was due to contamination with thyrotropin (Rao & 
Ramachandran, 1977), as recent administration of 
these materials to goats (10-20mg, subcutaneously 
and intravenously) did not raise the plasma tri- 
iodothyronine concentration over a 36h period 
(I. C. Hart, unpublished work). Furthermore, the 
extraction and fractionation of sheep and human 
GH by a similar technique yielded a product con- 
taining negligible quantities of other anterior- 
pituitary hormones (Wallace & Ferguson, 1963; 
Lumley- Jones et al., 1979). 

Evidence is accumulating that suggests that the 
so-called intrinsic lipolytic activity of GH may be 
due to contamination with either a small-M r 
protein or a cleaved form of GH (Salaman, 1972; 
Assa & Laron, 1977; Schleyer & Voigt, 1977; 
Frigeri, 1980; Frigeri et al., 1982). Although the 
markedly heterogeneous fraction A possessed both 
low growth-promoting and radioimmunoassay ac- 
tivity, its lipolytic activity was similar to that of 
crude bovine GH and the other fractions. If it is 
assumed that growth-promoting activity is a 
property of the pure monomer, this finding tends to 
support the argument that the lipolytic activity is 
not an intrinsic property of the molecule. 

Measurement of glucose transport by the method 
of Zapf et al. (1981) afforded a rapid evaluation of 
diabetogenic activity, which was confirmed by the 
insulin-tolerance test in goats, a species that 
possesses a form of GH immunologically similar to 
that of cattle (Hart et al, 1975). The inhibitory 
influence of bovine GH (NIH-GH-B 1 8) on glucose 
transport substantiates the work of others, and 
reinforces the contention that the semi-purified 
hormone exerts its diabetogenic influence by 
antagonizing the stimulatory effect of insulin, 
possibly at a post-receptor site (Schoenle et al, 
1981, 1982; MacGorman et al, 1981). 

The potency of fraction D in the tibia test in the 
absence of diabetogenic activity supports the 
theory that the latter is a property of either a 
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modified form or fragment of GH or some other 
contaminant. Raben & Westermeyer (1952) were 
among the first to suggest that pig GH could be 
prepared without diabetogenic activity, and more 
recently Lewis and co-workers have discovered 
that more-homogeneous preparations of human 
GH are not diabetogenic. They have partially 
purified a diabetogenic component from crude 
human GH and claim that this has an M x value of 
less than 5000 (Lewis et al, 1977, 1980; Singh etal, 
1982). Furthermore, they were able to convert non- 
diabetogenic human GH into a diabetogenic form 
by proteolytic modification, thereby suggesting 
that the active material is a modified form of GH, 
a contention supported by the fact that short 
sequences of human GH have been found to be 
diabetogenic in rats and rabbits (Lostroh & Krahl, 
1976; Bornstein, 1978). 

However, the diabetogenic activity of the 
bovine anterior pituitary is not necessarily the 
exclusive property of GH-related compounds. In 
1966 a polypeptide was extracted and found to be 
diabetogenic in man and dogs (Louis et al, 1966). 
This material was named bovine diabetogenic 
peptide and possessed neither growth-promoting 
activity (Tutwiler & Louis, 1971) nor lactogenic 
activity (Louis & Conn, 1968). However, evidence 
is gradually accumulating to suggest this material 
is closely related to prolactin. The lack of lacto- 
genic activity has been disputed (Tutwiler, 1976), 
and the physical and chemical properties of bovine 
diabetogenic peptide and prolactin were very 
similar (Rogol et al., 1978). Furthermore, we have 
examined a highly purified preparation of bovine 
diabetogenic peptide (kindly supplied by Professor 
L. H. Louis) in the prolactin radioimmunoassay 
and found a complete cross-reaction with an 
immunological potency similar to that of the 
bovine prolactin standard (NIH-P-B2; I. C. Hart, 
unpublished work). Whatever the conclusions to 
be drawn from this, the complete absence of 
immunological prolactin in fractions A-D suggests 
that none of these materials contained bovine 
diabetogenic peptide. 
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olism and Digestive Diseases, National Institute of 
Health, Bethesda, MD, U.S.A., for supplies of bovine 
prolactin and GH used in the radioimmunoassays. 



1984 



Heterogeneity of bovine growth hormone 



581 



References 

Assa, S. & Laron, Z. (\911)Horm. Metab. Res. 9, 294-299 
Bornstein, J. (1978) Trends Biochem. Sci. 3, 83-85 
Daughaday, W. H., Peake, G* T., Birge, C. A. & Mariz, 
T. K. (1968) Excerpta Med. Int. Congr. Ser. 158, 238- 
. 252 

Dellacha, J. M. & Sonenberg, M. (1964) J. Bio/. Chem. 

239, 1515-1520 
Clausen, T. (1969) Biochim. Biophys. Acta 183, 625-634 
Cowie, A. T., Forsyth, I. A. & Hart, I. C. (1980) 
Hormonal Control of Lactation, Springe r-Verlag, Ber- 
lin, Heidelberg and New York 
Ellis, S. (1961) Endocrinology (Baltimore) 69, 554-562 
Ellis, S., Vodian, M. A. & Grindeland, R. E. (1978) 

Recent Prog. Horm. Res. 34, 213-238 
Frigeri, L. G. (1980) Endocrinology (Baltimore) 107, 738- 
743 

Frigeri, L. G., Robel, G. & Stebbing, N. (1982) Biochem. 

Biophys. Res. Commun. 104, 1041-1046 
Gay, V. L. (1967) Endocrinology (Baltimore) 81, 1177- 

1179 

Greenspan, F. S., Li, C. H., Simpson, M. E. & Evans, 

H. M. (1949) Endocrinology (Baltimore) 45, 455-463 
Hart, I. C. (1972) /. Endocrinol. 55, 51-62 
Hart, I. C. (1983) Proc. Nutr. Soc. 42, 181-194 
Hart, I. C, Flux, D. S., Andrews, P. & McNeilly, A. S. 

(1975) Horm. Metab. Res. 7, 35-40 
Hart, I. C, Bines, J. A., Morant, S. V. & Ridley, J. L. 

(1978) 7. Endocrinol. 77, 333-345 
Lewis, U. J., Singh, R. N. P., Vanderlaan, W. P. & 

Tutwiler, G. F. (1977) Endocrinology (Baltimore) 101, 

1587-1603 

Lewis, U. J., Singh, R. N. P., Tutwiler, G. F., Sigel, 

M. B„ Vanderlaan, E. F. & Vanderlaan, W. P. (1980) 

Recent Prog. Horm. Res. 36, 455-508 
Li, C. H. (1977) Horm. Proteins Pept. 4, 1^*1 
Lostroh, A. J. & Krahl, M. E. (1976) Proc. Natl. Acad. 

Sci. U.S.A. 73, 4706-4710 
Louis, L. H. & Conn, J. W. (1968) Metab. Clin. Exp. 17, 

475^84 

Louis, L. H., Conn, J. W. & Minick, M. C. (1966) Metab. 

Clin. Exp. 15, 308-324 
Lumley-Jones, R., Benker, G., Salacinski, P. R., Lloyd, 

T. J. & Lowry, P. J. (1979) J. Endocrinol. 82, 77- 

86 

MacGorman, L. R., Rizza, R. A. & Gerich, J. E. (1981) 
J. Clin. Endocrinol. Metab. 53, 556-559 



Manchester, K. L. & Wallis, M. (1963) Nature (London) 
200, 888-889 

Miiller, E. E,, Giustina, G., Miedico, D., Pecile, A., 

Cocchi, D. & King, F. W. (1970) Proc. Soc. Exp. Biol. 

Med. 135, 934-939 
Paul, J. (1965) Cell and Tissue Culture, E. and S. 

Livingstone, Edinburgh and London 
Raben, M. S. & Westermeyer, V. W. (1952) Proc. Soc. 

Exp. Biol. Med. 80, 83-85 
Rao, A. J, & Ramachandran, J. (1977) Horm. Proteins 

Pept. 4, 43-60 
Rogol, A. D., Grisson, F. & Follows, R. E. (1978) Horm. 

Metab. Res. 10, 515-520 
Salaman, M. R. (1972) J. Endocrinol. 55, 459-460 
Schleyer, M. & Voigt, K. H. (1977) Hoppe-Seyler's Z 

Physiol. Chem. 358, 1557-1564 
Schoenle, E., Zapf, J. & Froesch, E. R. (1981) 

Endocrinology (Baltimore) 109, 561-566 
Schoenle, E., Zapf, J. & Froesch, E. R. (1982) Am. J. 

Physiol. 242, E368-E372 
Shapiro, A. L., Vinuela, E. & Maizel, J. V. (1967) 

Biochem. Biophys. Res. Commun. 28,. 815-820 
Singh, R. N. P., Seavey, B. K., Rice, V. P., Lindsey, 

T. T. & Lewis, U. J. (1974) Endocrinology (Baltimore) 

94, 883-891 

Singh, R. N. P., Lewis, L. J., O'Brien, R., Lewis, U. J. & 

Tutwiler, G. F. (1982) Program Abstr. Annu. Meet. 

Endocrine Soc. 64th in the press 
Swislocki, N. L, Sonenberg, M. & Kikutani, M. (1971) 

Biochem. J. Ill, 633-640 
Tindal, J. S., Blake, L. A., Simmonds, A. D., Hart, I. C. 

& Mizuno, H. (1982) Horm. Metab. Res. 14, 425-429 
Tutwiler, G. F. (1976) Acta Diabetol. Lat. 13, 177-185 
Tutwiler, G. F. & Louis, L. H. (1971) Int. J. Biochem. 2, 

319-323 

Vaughan, M. (1962) J. Biol. Chem. 273, 3354-3362 
Vodian, M. A. & Nicoli, C. S. (1976) Fed. Proc. Fed. Am. 

Soc. Exp. Biol. 35, 783 
Vodian, M. A. & Nicoli, C. S. (1977) Acta Endocrinol. 

(Copenhagen) 86, 71-80 
Wallace, A. L. C. & Ferguson, K. A. (1963) /. Endocrinol. 

26, 259-263 

Wallis, M. & Dixon, H. B. F. (1966) Biochem. J. 100, 
593-600 

Weber, K. & Osborn, M. (1969) J. Biol. Chem. 244, 4406- 
4412 

Zapf, J., Waldvogel, M, Schoenle, E. & Froesch, E. R. 
(1981) FEBS Lett. 135, 199-202 



Vol. 218 



Exhibit H 



Jishing research work, 
rmation is provided to 
it is today to publish 

ited to the betterment 
tion to the following 
the Journal of Dairy 



b oratories, Inc. 



ederation 



I 

■n 



;ociation 



NOTICE: This male 
by copyright law 



PRODUCTION RESEARCH PAPERS 

Responses of High-Producing Dairy Cows to Long-Term Treatment 
with Pituitary Somatotropin and Recombinant Somatotropin 1 ' 2 



ABSTRACT 

Thirty Holstein cows capable of high 
milk production were utilized to examine 
the effects of long-term administration of 
bovine somatotropin on lactational per- 
formance. Treatments were 0 (control), 
13.5, 27, and 40.5 mg/day of recom- 
binantly-derived bovine somatotropin and 
27 mg/day of pituitary-derived bovine 
somatotropin. Hormone was injected 
intramuscularly, once daily beginning at 
84 ± 10 days postpartum and continuing 
for 188 days. Cows were fed ad libitum a 
total mixed diet throughout the lactation. 
Recombinant somatotropin treatments 
increased average fat-corrected milk yield 
in a dose-dependent fashion from 23 to 
41% over the control production (27.9 
kg/day. Pituitary somatotropin (27 mg/ 
day) increased milk, production by 16%. / 
Milk lactose, protein, and fat composition nj 
was similar for all treatments. Control/ 
cows were in positive energy balance 1 
throughout the treatment period (4.7 
Meal net energy/day. Initially, the large 
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increase in milk yield with somatotropin 
treatment caused cows to decrease in 
energy balance. However, voluntary intake 
gradually increased, and by week 10 of 
treatment - ail somatotropin treatment 
groups were in positive energy balance. 
Thus, the gain in body weight over the 
treatment period was similar for all 
groups, ranging from 17 to 22%. Gross 
lactational efficiency (milk per unit of 
. net energy intake) was improved by 
exogenous somatotropin whether cal- 
culated as observed, corrected for body 
weight changes, or using the theoretical 
energy requirements for maintenance , 
and milk production. Results are con- 
sistent with bovine somatotropin as a 
homeorhetic control that coordinates an 
array of physiological processes so that 
nutrients are partitioned for milk syn- 
thesis. 

INTRODUCTION 

The effects of somatotropin (STH; growth 
hormone) in lactating animals have been the 
subject of scientific interest for over 50 years. 
In 1937, Asimov and Krouze (2) first demon- 
strated that injections of crude pituitary 
extracts increased milk production in .dairy 
cows. This finding led to an elegant series of 
studies by Folley, Young, and colleagues aimed 
at determining whether large-scale utilization of 
hormone preparations could lead to a significant 
increase in food production in Britain during 
World War II [review, (30)1 . Although increases 
in milk production were observed in treated 
dairy cows, it was concluded that the available 
quantity of anterior-pituitary tissue (obtained 
from slaughtered animals) was insufficient to 
allow for a substantial increase in the nation's 
milk supply. 
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Limitations in the supply of STH and in 
purification techniques have resulted in rel- 
atively slow progress in exploring the mech- 
anisms by which STH alters milk production 
and the potential for commercial application. 
Studies utilizing highly purified bovine soma- 
totropin (isolated from pituitary glands) have 
demonstrated that daily injections of exogenous 
hormone increase milk yield from 10 to 40% 
(review, (7) J . These studies have generally been 
short (a few days or weeks), and the pattern of 
response is a progressive increase in milk yield 
over the first 4 to 6 days of treatment. When 
treatment is terminated, milk yields gradually 
decline to pretreatment levels over a similar 
interval. Only three studies have involved longer 
term treatments. Brumby and Hancock (9)' con- 
ducted a 12-wk study with three sets of 'iden- 
tical twins. Milk yield was increased 5.9 kg/day 
over controls (13 kg/day) but their STH prep- 
aration contained some thyrotropic hormone. 
Cows were fed grain according to milk pro- 
duction and pasture ad libitum. Treatment had 
^ no affect on body weight. Using a more highly 
'purified preparation of bovine STH Machlin 
(15) reported similar increases in milk yield 
using 3 cows treated for a 10-wk period. In a- 
.recent study, Peel et al. (23) utilized five pairs 
of identical twins and observed a 17.7% (3.5 
kg/day increase in milk production for STH- 
treated cows (22-wk period). There have been 
no long-term studies with synthetically produced 
STH, but we have recently demonstrated that 
recombinantly-derived methionyl bovine soma- 
totropin (MBS) gave increases in milk yield 
similar to pituitary -derived bovine somatotropin 
(PBS) in a 6-day study (5). Therefore, our 
objectives were: 1) to determine the effects of 
long-term administration of STH on lactational 
performance and health with special emphasis 
on mechanism of action, 2) to compare the 
effects of different doses of MBS, and 3) to 
compare the effects of MBS and PBS. 



. Pituitary bovine somatotropin originated with 
A. F. Parlow. Department of Obstetrics and Gyne- 
cology, Harbor-UCLA Medical Center, Torrance, CA, 
and both somatotropin sources were obtained from 
Monsanto Co. 



METHODS 

Thirty multiparous Holstein cows (second to 
fifth lactation) were assigned to treatments in a 
randomized block design. Treatments were 0, 
13.5, 27, and 40.5 mg/day of MBS and 27 
mg/day of PBS. Methionyl bovine somatotropin 
was produced in Escherichia coli via a re- 
combinant plasmid (25). Using conventional 
techniques, MBS was extracted and purified 
from the organism to greater than 90% homo- 
geneity with no detectable carbohydrate or 
deoxyribonucleic acid impurities. Purified MBS 
was extensively characterized by several bio- 
chemical and physical techniques and shown to 
be structurally and biochemically equivalent to 
pituitary derived STH with the exception of an 
additional methionine at the N-terminus (L. 
Bentle, personal communication). The MBS and 
PBS were formulated as sterile lyophilized 
powders with sodium bicarbonate as excipent. 
Both MBS and PBS were nonpyrogenic as 
determined by the USP rabbit pyrogen assay. 
The biopotency of PBS 3 and MBS 3 were 
similar, approximately 1.4 IU/mg protein 
(coefficient of variation = 14%), as determined 
in a hypophysectomized rat weight-gain bio- 
assay. This assay was modified from that 
reported by Marx et al. (16) and conducted as a 
slope-ratio assay in which the regressions of 
body weight gains to log doses of hormone 
were compared. 

Treatments were initiated at 84 ± 10 days 
postpartum and continued for 188 days. Daily 
intramuscular injections were administered at 
approximately 0700 h in one of four alternating 
sites (right or left gluteal or thigh' muscle). 
Hormone was solubilized in .05 M bicarbonate - 
buffer as previously described (20) at a con- 
centration of 9 mg/ml. Thus, daily injection 
volumes were 1.5, 3.0, or 4.5 ml for the three 
MBS treatments and 3.0 ml for the PBS and 
control treatments. If solubilized hormone was 
not used immediately, it was stored (48 h 
maximum) at 5°C. 

All cows received daily injections of excipient 
(solubilization vehicle) for 2 wk prior to 
treatment to allow adjustment to the regimen. 
Injection volumes were identical to those used 
during the treatment period. After only a few 
days, cows adapted to the injection routine and 
thereafter exhibited no nervousness, discomfort, 
or evidence of local inflammatory response. 
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b(Xk) + ejjk, where p = overall mean; Bj = 
block effect; Tj = treatment effect; b(Xfc) = 
covanate adjustment for each cow's individual 
response during the excipient period; and ejjk = 
residual. Body weight and variables used in 
gross efficiency calculations were not covariately 
adjusted. Shape of the lactation curve during 
the treatment period was evaluated by analysis 
of polynomial coefficients according to the 
procedure of Allen et al. (1). 

The entire study, including the handling of 
milk, was conducted in accord with local, state, 
and federal laws and regulations pertaining to 
such studies. 



RESULTS 

The temporal pattern of milk production 
during the pretreatment and treatment periods 
is shown in Figure 1. Prior to treatment the 
lactation curve is characteristic of high-pro- 
ducing cows (with no differences between cows 
eventually assigned to different treatments). 
Peak milk production during the pretreatment 
period occurred at approximately 49 days 
postpartum (4 wk prior to treatment). During 
the treatment period, milk yield from control 
" cows decreased in normal fashion, averaging 6 
to 7% decline per month. In contrast, STH 
treatment significantly altered the shape of the 
lactation curves (P<.01). Cows receiving the 
- two higher doses of MBS increased daily- 
production to substantially greater than the 
peak production observed in early lactation 
(pretreatment). In fact, their dai/y milk pro- 



duction remained greater than the pretreatment 
peak for over 100 days after treatments com- 
menced. Although milk production from cows 
treated with 13.5 mg/day of MBS did not 
sharply increase, production did remain rel- 
atively constant for several weeks after treat- 
ment began. Treatment with PBS caused an 
initial sharp increase in milk production but 
thereafter yield declined more rapidly than 
observed for cows receiving MBS. 

During the pretreatment period, average 
daily production of 3.5% fat-corrected milk 
(FCM) was similar across groups and averaged 
35.9 ± 1.3 kg/day (mean ± SD). Dailv injection 
of MBS resulted in a substantial increase in 
average daily milk yields over the 188-day 
treatment period (Table 2). Increases ranged 
from 6.5 to 11.5 kg/day depending on dose 
level with the average daily milk yield for the 
two highest doses being greater during the 
treatment period than observed in the first 84 
days postpartum (pretreatment period). Pitu- 
itary bovine somatotropin was less effective, 
eliciting an increase in milk yield of 4.6 kg/day 
(+16.5%) over levels observed for controls 
(P<.10). Milk composition was not affected by 
STH treatment (P> .10) (Table 2). Thus, 
increases in yield of milk fat, protein and 
lactose paralleled the increases in milk yield 
observed with somatotropin treatment. 

The temporal pattern of net energy intake 
during the study is shown in Figure 2. During 
the pretreatment period, cows showed the 
typical increase in energy intake following the 
onset of lactation with daily dry matter con- 
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TABLE 2. Effect of exogenous somatotropin on yield and composition of milk. 



Variable 1 



Control 



Pituitary 

bovine somatotropin 
27.0 mg/day 



McthionyJ bovine somatotropin 



J 3.5 mg/day 27.0 mg/day 40.5 mg/day SE 



Cows, n 
F CM, kg/day 1 
Milk fat. % 
Milk protein, % 
Milk lactose, % 



6 

27. 9 a 
3.6 
3.4 
4.8 



6 
32.5 
3.3 
3.4 
4.8 



ab 



6 

34.4 bc 
3.8 
3.4 
4.9 



a ' b,C Means in same row with different superscripts differ <P<.05). 



6 


6 




38.0 C 


39.4 C 


1.8 


3.6 


3.6 


.1 


3.4 


3.4 


.1 


4.8 


4.9 


.1 



FCM = 3,5% Fat-corrected milk. 
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Cows were selected from the Cornell Uni- 
versity herd and had acclimated to the facilities 
during previous lactations. Breeding was initiated 
after 60 days postpartum. After parturition 
cows were moved to a tie stall barn and housed 
in this unit throughout the study. The unit had 
automatic ventilation and artificial lighting. The 
lighting was continuous and varied from ap- 
proximately 258 lx (14 h/day) to 54 lx (10 
h/day) as measured at shoulder height of the 
cows. Cows were moved to the parlor twice 
daily for milking at 0300 and 1500 h. Once 
weekly, a.m. and p.m. milk samples were 
obtained for analyses of lactose, fat, and 
protein. Lactose was determined by an en- 
zymatic analysis according to Eppard et al 
(12). Milk fat and protein were analyzed by 
infrared techniques (3). 

Cows were fed ad libitum one of three total 
mixed diets (Table 1). Orts were recorded and 
fresh feed offered once daily at 1000 h. Weekly 
feed samples were composited monthly and 
analyzed by New York Dairy Herd Improvement 
Cooperative. The three diets were formulated 



so that typical intake would support nutrient 
requirements (19) for 37, 27; and 20 kg/day 
milk production. To allow fujl expression of 
potential for milk production, shifts to the 
lower energy density diets were relatively 
conservative. All cows were fed.che high energy 
diet from parturition through the first portion 
of the treatment period. Thereafter, when milk 
.production (weekly average) decreased to 25 
and 17 kg /day, cows were switched to the 
medium and low energy diets, respectively. 

Body weights were determined on two 
consecutive days every other week. Weighings 
were conducted as cows returned from the 
p.m. milking. Net energy (NE) balance was 
calculated on a weekly basis. Milk energy was 
calculated using average milk yield and percent 
fat according to Tyrrell and Reid (28). Net 
energy for maintenance was according to 
National Research Council (NRC) (19) using a 
4-wk rolling average for body weight. 

Statistical analysis was conducted using 
Statistical Analysis System (26) for the ran- 
domized block model, Yijfc = ju + Bi + Tj + 



TABLE 1. Composition of the complete mixed diets fed through the course of lactation. 



Diet 



Ingredients 
and nutrients 1 



High 
energy 



Medium 
energy 



Low 
energy 



Ingredient 2 

Corn meal, % 

Hay crop silage, % 

Corn silage, % 

Soybean meal, % 
Nutrient content 

Net energy, lactation, Mcal/kg 

Crude protein, % 

Acid detergent fiber, % 

Caicium, % 

Phosphorus, % 

Magnesium, % 

Potassium, % 

Sodium, % 

Sulfur, % 

Iron, ppm 

Zinc, ppm 

Copper, ppm 

Manganese, ppm 



41.8 


30.2 


14.0 


20.0 


29.3 


3S.3 


19,6 


25.2 


37.5 


15.3 


12.3 


8.5 


1.63 


1.56 


1.52 


17.2 


15.8 


16.1 


17.4 


21.9 


25.7 


.821 


.855 


.766 


.44 


.41 


.40 


.30 


.34 


.34 


.97 


1.16 


1.48 


.315 


.405 


.204 


.31 


.32 


.26 


246 


353 


291 


59 


58 


54 


9 


6 


10 


42 


56 


58 



1 All values presented on dry matter basis. 

2 In addition, sodium bicarbonate (.8%) was included in the high and medium energy formulations and all 
emulations contained mineral supplements added as needed to meet National Research Council recommenda- 

tions (19). 
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TABLE 2. Effect of cx 



Variable' 


Con 


Cows, n 


6 


FCM, kg/day 5 


27. * 


Milk fat, % 


3.< 


Milk protein, % 


3.' 


Milk lactose, % 


4.1 



a 'k ,c Means in same 

'Treatment period 
were adjusted by covaj 

2 FCM = 3.5% Fat-< 
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3.9 ± .4 (mean ± SD) percent of body weight. 
Net energy intake remained similar for the first 
5 wk of the treatment period. However, there 
was a trend for an increase in net energy intake 
by most STH treatment groups, especially those 
receiving the 27.0 and 40.5 mg/day of MBS 
(Figure 2). At weeks 9 to 11, daily dry matter 
intake for the cows receiving the two highest 
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of body weight as compared with 4.0 ± .5% for 
the controls (P<>05). Greater differences in net 
energy intake between treatment groups are 
apparent for the last* half of the treatment 
period, but these primarily represent animals 
on some treatments shifted to lower energy 
diets in response to decreased milk production. 
The first shifts from the high energy to the 
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medium energy diet occurred during the 12th 
and 13th wk of treatment (individual cows in 
the PBS and control groups). Overall, the shift 
from the high energy diet to the medium 
energy diet occurred at weeks 20 ± 10 (mean ± 
SD), 24 ± 7, 25 ± 4, 28 ± 1 and 29 ± 4 for the 
control; PBS; and low, medium, and high MBS 
treatment groups, respectively. Thus, the 
changes in energy intake early in the treatment 
period were not confounded by diet. In addition, 
milk yield from animals receiving the two high 
MBS treatments was great enough that cows 
essentially remained on the high energy diet 
throughout the entire treatment period. These 
group differences are reflected in the average 
net energy intake for the total treatment period 
(Table 3). 

The net energy balance through the pre- 
treatment and treatment period is shown in 
Figure 3. For controls, the net energy balance 
ranged from +3 to +6 Meal/day throughout the 
treatment period. Thus, milk production of the 
control animals was not limited by energy 
intake. The net energy balance had a different 
pattern for the STH treatment groups. Initially, 
the increase in milk yield caused cows to 
decrease in energy balance and, for those 
treatments which had substantial initial increases 
in milk yield (PBS and the two higher doses of 
MBS), some cows were in negative energy 
balance. However, by the 10th wk of treatment, 
the increase in feed intake resulted in all STH 
treatment groups being in positive energy 
balance. The average energy balance across the 
treatment period was positive for all STH 
groups (Table 3) and sufficient to replenish 
body stores used in early lactation (Figure 3, 
pretreatment period). 

The changes in body weight across the 
treatment period (Figure 4) are consistent with 
the energy balance data. Over the 188-day 
interval, treatment groups had similar body 
weight gains (P>.10) ranging from 124 kg 
(+22%) for the control group to 92 kg (+17%) 
gain for the cows receiving 40.5 mg/day of MBS 
(Table 3). 

Expressing gross lactational efficiency as kg 
FCM/Mcal NE intake showed a trend for 
somatotropin treatment to increase this ratio 
(Table 3). A dose-dependent pattern was 
evident for cows receiving MBS, but only the 
2/ and 40.5 mg treatments resulted in a signifi- 
cant increase over the control value (P<.05). 



However, the observed gross efficiency does not 
account for changes in body weight. Assuming 
increments of body weight gain had equal net 
energy across treatments (18), similar dif- 
ferences between treatments were apparent 
when the gross efficiency was corrected for 
Tissue gains (Table 3). Theoretical gross ef- 
ficiency was also calculated using NRC (19) 
requirements for maintenance and milk pro- 
duction. Theoretical and corrected gross 
efficiency values were relatively similar within a 
treatment (Table 3). This has implications on 
the mechanism of action for STH. Similarity 
between corrected and theoretical gross ef- 
ficiency could occur if STH treatment alters 
nutrient partitioning but has no effect on the 
digestibility of dietary energy or on the net 
energy requirements for maintenance, milk, and 
tissue gain. 

The dramatic increases in milk yield sustained 
over the 188-day treatment period obviously 
indicate that STH did not stress the animals 
adversely. Animals were in good health through- 
out the study. Nine cows were pregnant prior 
to treatment, 19 cows conceived during the 
treatment period, and 2 cows (one control, one 
40.5 mg MBS/day) did not conceive. All health 
and reproduction parameters (including clinical 
observations, physical examinations, somatic 
cell counts, conception rate, services per 
conception, and gestation length) were at or 
better than resident herd averages. 



DISCUSSION 

This study clearly demonstrates that the 
long-term administration of bovine soma- 
totropin causes remarkable increases in milk 
production of dairy cows. As shown in Figure 
5, the response to recombinant STH is dose- 
dependent, ranging from 23.3 to 41.2% increase 
in milk yield over the dose range (13.5 to 40.5 
mg/day). These responses are particularly 
impressive because cows were excellent pro- 
ducers even before treatment. Using the pre- 
treatment production, the projected (29) 
305-day milk yield was over 9600 kg. The 
shape of the dose response curve with MBS 
(Figure 5) is similar to that reported by Eppard 
et aL (12) in a short-term study with pituitary- 
derived bovine somatotropin. However, further 
studies are required to determine if the dose 
titration results for MBS are consistent across a 
variety 'of different conditions. 
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Dose of Somatotropin (mg/d) 

Figure 5. Relationship between dose of bovine 
somatotropin (mg/day) and milk yield response. 
Treatment was for 188 days commencing 84 t 10 
days postpartum with percent increases based on 
average yields of 3.5% fat-corrected milk. Graph is 
drawn through the methiony] bovine somatotropin 
values (♦), but the single dose of pituitary bovine 
somatotropin (□) is also depicted for reference, d 
= Day. 



The interval of STH treatment in this study 
was week 13 co week 39 postpartum. Treat- 
ments were terminared after 188 days because 
of limited PBS supply rather than biological 
considerations. Treatments were not initiated 
until 84 ± 10 days postpartum so that the 
pretreatment performance data could be 
utilized for a more accurate statistical evaluation 
of treatment effects given rhe limited animal 
numbers. In addition, at the time this study Was . 
initiated, literature reports (short-term studies) 
conflicted as to the efficacy of exogenous STH 
treatment prior to peak milk production (see 
review, Bauman and McCutcheon (7)) . However, 
recent short-term (<2 wk) studies with highly 
purified PBS have demonstrated a lactational 
response even in very early lactation (days 
20 to 29 and days 41 to 46 postpartum) when 
cows are in substantial negative energy balance 
(17,24). 

Lactational response to the daily administra- 
tion of PBS differed in some regards to that 
observed with MBS. Average milk produc- 
tion during the treatment period was increased 
b v 16.5 and 36.2% in response to 27.0 mg/dav 
(equimoiar) of PBS and MBS, respectively 



(Table 2). Although similar in potency in a rat 
growth assay (16), PBS and MBS clearly differ 
in bovine lactational potency as evidenced by 
the milk response curves during the treatment 
period (Figure 1). The biological basis for this 
difference is not obvious. Blood samples were 
obtained at regular intervals throughout the 
study and no significant antibody titers to STH 
were detected with any of the treatments (data 
not presented). Overall, the increase in milk 
yield (+4.6 kg/day) we observed for the pitu- 
itary-STH group is similar to earlier reports 
involving long-term treatment with PBS. 
Brumby and Hancock (9) observed an increase 
of 5.9 kg/day (control = 13 kg/day) in a 12-wk 
study. Machlin (15) presents results from his 
10-wk study in graphic form, but increases were 
approximately 5 kg/day over control yields of 
10 to 15 kg/day. However, in both of these 
studies the shape of the milk response curve 
during the treatment period was similar to what 
we observed for the recombinant hormone 
treatments (i.e., initial increase followed by 
maintenance at a relatively constant level for 
the next 10 to 12 wk). In a recent 22-wk study- 
by Peel et al. (23), daily treatment with pituitary 
somatotropin (50 mg/day: .78 lU/mg) gave 
increases in milk yield (+3.5 kg/day ; + 17.7%), 
which also were similar to our results. 

Results from this study demonstrate that 
STH is a homcorhetic control involved in the 
orchestration of many physiological processes 
for the directed partitioning of nutrients to 
support the requirements for milk synthesis (4, 
6). As pointed out previously (15, 20, 30), this 
likely involves two major facets. First, STH 
: must alter the metabolism of body tissues so 
that more nutrients are partitioned to the 
mammary glands and, second, STH must 
enhance the ability of the mammary gland to 
synthesize milk. 

The extensive array of physiological processes 
being altered by STH include the metabolism of 
carbohydrate, protein, lipid, and minerals as 
reviewed by Bauman and McCutcheon (7). 
They emphasize that the milk yield responses 
to STH are perfectly coordinated with the 
alteration in the metabolism of body tissues as 
evidenced by the fact that steady state con- 
centrations of blood metabolites are maintained. 
Data in the present long-term study are con- 
sistent with these observations. Certainly the 
dramatic increases in milk yield with ' STH 
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quirement, or the partial efficiency of milk 
synthesis, effects must be subtle and not 
detectable by present experimental methods. 

Bauman et al. (8) examined the physiological 
basis for animal differences in milk production 
and concluded that the regulation of -nutrient 
partitioning is the major source of animal 
variation. They emphasized this regulation 
would be complex and multifaceted but that 
improvements in productive efficiency were 
dependent on developing an understanding of 
the biological control of nutrient utilization. 
The present study clearly demonstrates that 
STH. is one key component of this control. It is 
impressive that even in high -producing cows, 
manipulation of this single control (by ad- 
ministration of exogenous STH) can increase 
milk yield by up to 41%. The extra milk 
produced requires a predictable amount of 
additional nutrients. Thus, treatment, with 
exogenous STH increases the productive 
efficiency of dairy cows by dilution of costs 
associated with maintenance. This, of course, is 
precisely the mechanism for the increased 
productive efficiency observed in genetically 
superior cows and the basis for improvements 
made through the use of artificial insemination 
and genetic selection (8). 
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